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ABSTRACT
The present research explored the mechanisms underpinning the enhancement of voluntary knee
extensor torque after (1) extensive task-specific practice, and then (2) brief, intense warm-up exercise
(conditioning activity; CA) as part of a complete warm-up routine. The same warm-up was completed in two
Experiments (detailed below). In Experiment 1, voluntary (180⁰·s-1; T180) and electrically-evoked (isometric)
knee extensor torques and electromyogram (EMG) and muscle temperature (Tm) data were recorded before
and after (1) extensive task-specific practice where peak voluntary knee extensor performance was achieved,
and (2) two isokinetic CAs matched for total concentric contraction time (CA60: 5 repetitions at 60⁰·s-1 vs.
CA300: 25 repetitions at 300⁰·s-1; 7.5 s).
In Experiment 1, nineteen healthy adults (13 male, 6 female) completed the study. T180 increased
after task-practice in both conditions (CA60: 6.2 ± 8.5% vs. CA300: 8.4 ± 8.0%). After the CA, T180
decreased at 1 min (-7.0 ± 8.6%) but then returned to post-TP values at 9 min post-CA (0.2 ± 9.8%) in CA60,
while T180 did not change at any post-CA time point compared to immediately post-TP (1-3%) but remained
significantly elevated (~9-12%) compared to baseline in CA300. Tm increased from baseline to post-TP
(CA60: 0.6 ± 0.3°C vs. CA300: 0.4 ± 0.2°C) in both conditions and then increased further from post-TP (by
0.5 ± 0.2°C in CA60 and 0.8 ± 0.3°C in CA300). The 20 Hz torque measured with versus without shortinterval “double pulse” at stimulation onset (i.e. VFT:20 ratio) was decreased (-50-90%) after the CA. Further,
peak twitch torque (Ttw,peak) increased from baseline to post-TP in both conditions (CA60: 13.5 ± 9.1% vs.
CA300: 16.0 ± 7.2%), but did not increase further after the CAs (<2%) in either condition (9-14% above
baseline), indicating that calcium sensitivity of the acto-myosin complex may have been enhanced. M-wave
normalised VL EMG (EMGVL,40ms/M) increased from baseline to post-TP (CA60: 68.9 ± 105.7% vs. CA300:
116.4 ± 170.5%) then decreased from post-TP to 1 min post-CA (-22.0 ± 48.2%) in CA60, but remained
elevated at all post-CA tests in CA300. Ttw,peak (r = 0.53), Tm (r = 0.63), VFT:20 ratio (r = 0.32) and
EMGVL,40ms/M (r = 0.30) were all moderately-strongly correlated with T180 in CA300, but not CA60 (<r =
0.15). EMG was the only variable that was associated with T180 in both conditions (r = 0.3-0.5). Therefore,
EMG was included in a model with Tm (i.e. ‘EMGVL,T180/M + Tm’) and observed a moderate correlation with
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T180 in CA60 (r = 0.38) and a strong correlation in CA300 (r = 0.60). This suggests that muscle activation
capacity mediates the effect of muscle temperature on voluntary muscle performance.
In Experiment 2, exercise-induced muscle fluid shifts after warm-up (identical to Experiment 1) were
estimated on 19 healthy adults (13 male, 6 female) through assessments of muscle blood content (total
haemoglobin concentration; THb), size (VL muscle thickness) and stiffness (VL passive stiffness). THb
increased at post-TP (CA60: 55.5 ± 133.7% vs. CA300: 156.2 ± 267.5%) and continued to increase in both
conditions to 9 min (CA60: 261.0 ± 226.5% vs. CA300: 759.8 ± 1141.8%). VL muscle thickness increased
statistically from post-TP to all post-CA tests (1.8-2.4%) in CA60 but not CA300 (0.6-1.2%), while passive
muscle stiffness increased from baseline to 1 min post-CA (3.8 ± 5.0%) in CA300 but not CA60 (~1%). THb
was moderately correlated with VL muscle thickness (CA60: r = 0.31 vs. CA300: r = 0.34) and passive muscle
stiffness (CA300: r = 0.48). Further, VL muscle thickness showed a small correlation with passive muscle
stiffness (r = 0.28) in CA300 only.
Collectively, the present data support the hypothesis that significant enhancement of voluntary muscle
performance can be achieved with sufficient task-specific practice, and that this enhancement was associated
with enhanced muscle activation capacity (i.e. increased early-burst EMG), possibly indicating motor pattern
optimisation as well as increased Tm (and other related variables). Furthermore, including brief, intense warmup exercise (CA) did not enhance voluntary muscle performance beyond the level achieved by task-specific
practice, despite inducing a greater increase in numerous physiological markers (i.e. Tm, muscle water/blood,
Ca2+ sensitivity, etc.) that could influence voluntary muscle performance. However, the most intriguing
finding was that the performance of an under-speed (high force) CA (commonly utilised in the literature)
resulted in a decrease in voluntary muscle performance after the task practice period (i.e. back to baseline
levels) and that this was associated with decreased muscle activity (peak and early EMG). Therefore,
voluntary muscle performance after warm-up is strongly associated with changes in both peak and early EMG;
muscle activation capacity may therefore be a mediating variable that affects the normal relationship between
changes in Tm and changes in dynamic muscle function.
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1.0 INTRODUCTION AND OVERVIEW
The completion of a pre-exercise preparatory routine (i.e. a warm-up) prior to exercise is a widely
utilised practice in competitive sporting environments and is also commonly used before resistance
training or rehabilitation sessions. It is performed with the belief that both muscle performance will
improve (Bishop, 2003a; Fradkin et al., 2010) and injury risk will decrease in subsequent activities (Small
et al., 2008). For example, one systematic review reported that warm-ups improved performance in 79%
of the criteria examined (Fradkin et al., 2010).
Much of the post-warm-up performance enhancement has been attributed to increases in muscle
temperature (Tm) (Bishop, 2003a; Blazevich et al., 2019; McGowan et al., 2015), while other mechanisms
such as an increased magnitude and rate of muscle activation have also been suggested (Güllich et al.,
1996), and numerous other mechanisms have been cited (Blazevich et al., 2019). Nevertheless, whilst
many studies have observed improvements in voluntary performance after warm-ups (Baudry et al., 2007;
Bevan et al., 2010; Chen et al., 2013; Fukutani et al., 2013; Girard et al., 2009; Kilduff et al., 2007; Mina
et al., 2014; Mina et al., 2019; Seitz, 2014; Thomas et al., 2017), several others have observed performance
reductions (Folland et al., 2008; French et al., 2003; Gossen et al., 2000; Kay et al., 2009; Smith et al.,
2007). This might have resulted from incomplete or inappropriate warm-ups being imposed, possibly due
to a lack of understanding of the optimum warm-up program design and of the potential mechanisms
underpinning warm-up-mediated performance enhancements.
In the following review of literature, potential mechanisms underpinning performance
enhancements after warm-up will be discussed, with the review focussing on several broad areas: (i)
muscle temperature (Tm), (ii) central (neural) mechanisms, and (iii) peripheral (muscular) mechanisms.
Tm will be discussed separately to ‘peripheral mechanisms’ due its known, clear effects on muscle
function. This will allow other ‘peripheral’ mechanisms, including exercise-induced fluid shifts, passive
muscle stiffness and others to be reviewed in more detail. Subsequently, methodological limitations of
previous research on warm-ups will be addressed. Collectively, this review aims to (i) improve our
understanding of each mechanism and how it impacts performance, (ii) formulate hypotheses to assist
with the development of future research projects, and (iii) provide direction for the development of
optimum pre-exercise warm-ups.

1

1.1 Muscle temperature
Much of the performance improvement after a warm-up has been attributed to an increase in Tm
(Bishop, 2003b; Blazevich et al., 2019; McGowan et al., 2015). This is because temperature has clear and
measurable effects on both muscle metabolic and contractile properties (Bennett, 1984; Rall et al., 1990;
Ranatunga, 1998), including alterations in the force-velocity and power-velocity relationships (De Ruiter
et al., 2000). These temperature-dependent effects were observed in early 20th century (Asmussen et al.,
1945), when increases in Tm evoked by passive warming were shown to produce increases in work and
power output during exercises such as cycling (Asmussen et al., 1945). Subsequently, increased Tm has
been found to produce direct changes in muscle physiology, including increased ATP turnover (i.e. ATP
and PCr utilisation) and muscle fibre conduction velocity (MFCV) (Gray et al., 2006).

1.1.1 ATP turnover
The majority of the increase in ATP turnover with elevated Tm results from an increase in ATP
hydrolysis by myofibrillar ATPase at the myosin head (Gray et al., 2006). This is due to the temperaturedependent increase in the activity of enzymes such as myofibrillar ATPase and other enzymes important
for anaerobic metabolism (He et al., 2000). An increased rate of ATP turnover is associated with an
increased rate of cross-bridge cycling (He et al., 2000) and underpins the close relationship between
ATPase rates, fibre shortening velocity, and Tm (Bárány, 1967; Barany et al., 1971; He et al., 2000).
Furthermore, these rates have been found to be greater in fast-twitch than in slow-twitch fibres for a given
temperature (Stienen et al., 1996). In addition to the increase in fibre shortening velocity, this fibre-type
specificity of effect might partly explain why temperature strongly influences muscle shortening velocity
and power (including the rate of force development; RFD) but has less effect on maximum force
production (De Ruiter et al., 2000). For example, cooling of a muscle from physiological temperatures
(~37°C) resulted in a 20% decrease in maximal isometric force, whereas it resulted in a 64% decrease in
maximal RFD (De Ruiter et al., 2000). Therefore, increases in ATP turnover and the associated enzymatic
rates with increased Tm after a warm-up period should strongly affect voluntary muscle performance
during explosive contractions.
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1.1.2 Muscle fibre conduction velocity
Increased Tm has also been shown to increase MFCV (Gray et al., 2006). This results from an
acceleration of the opening and closing of the voltage-gated sodium (Na+) channels, which reduces the
amount of Na+ that enters the cell (Rutkove et al., 1997). This has been found to decrease the amplitude,
duration and area of the action potential, thereby causing a more rapid onset of depolarisation, and thus a
faster MFCV (Rutkove et al., 1997). This increase in MFCV has been associated with an increase in peak
twitch torque (Ttw,peak) (r = 0.48) and a decrease in time to peak twitch (r = 0.50) (Farina et al., 2005).
Furthermore, Farina et al. (2005) suggested that the speed of calcium (Ca2+) release depends on the speed
of the propagation of depolarisation along the fibre, however changes in intrinsic contractile properties
(i.e. increased force per cross bridge or increased Ca2+ sensitivity) with increased Tm are not associated
with changes in neurophysiological properties (Farina et al., 2005). Therefore, the mechanisms responsible
for the increase in fibre RFD associated with enhanced MFCV (i.e. more rapid depolarisation) with
increased Tm (Farina et al., 2005) may have limited effect in vivo. Nevertheless, many other changes occur
alongside the increase in MFCV, and are mediated by increased channel opening that underpins greater
Ca2+ release. Therefore, a general increase in channel function, rather than an increase in MFCV alone,
may positively influence full-muscle RFD in vivo.
To summarise, the temperature-mediated mechanisms that underpin muscle performance
enhancements are an (i) increased rate of ATP turnover (and associated enzymatic rates), and (ii) increased
MFCV (or general changes in channel function). These changes are believed to lead to an increased rate
of cross-bridge cycling and faster transmission of electrical activity that could be attributed to the increased
muscle shortening velocity, power and RFD with increased Tm.

1.1.3 Effects of a passive warm-up on muscle performance (i.e. temperature-only effects)
Passive warming of the muscle is an effective way to increase Tm independent of other (e.g.
contraction-dependent) effects and has been shown to strongly influence muscle function. For example,
passive heating of the triceps surae (30 min immersion of the leg in hot bath) induced a significant decrease
in time-to-peak twitch force (7.7%/°C) and half-relaxation time (7.2%/°C) in response to muscle electrical
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twitch stimulation (Davies et al., 1983). With respect to voluntary muscle force production, peak power
(5.1%/°C) and shortening velocity (2.6%/°C) during a handgrip exercise were enhanced by 30 min of
immersion of the forearm/hand in a hot bath (Binkhorst et al., 1977), and likewise, a 10% increase in
countermovement jump (CMJ) height was observed (compared to normal Tm) after 30 min immersion of
the leg in a hot bath (Davies et al., 1983). Furthermore, a passive increase in Tm of ~3°C induced a
significant increase (~11%) in peak power during an isokinetic cycle test (Sargeant, 1987). Interestingly,
the magnitude of the temperature effect was velocity-dependent, with a greater increase in peak power
observed at the fastest pedalling rate (~10%/°C at 140 rpm) compared to the slowest pedalling rate
(~2%/°C at 54 rpm) (Sargeant, 1987). This is most likely due to rate of cross-bridge cycling and peak
power characteristics being highly sensitive to Tm (Rall et al., 1990).

1.1.4 Effects of an active warm-up on muscle performance
An active (exercise-based) warm-up has been shown to induce greater neuromuscular,
cardiovascular and metabolic changes that are believed to provide greater ergogenic effects, and thus
greater performance enhancements, compared to a passive warm-up (Bishop, 2003b). For example, 3-5
min of moderate intensity jogging induced a 7.8% (3.6%/°C) increase in CMJ height (Pacheco, 1957).
Likewise, 2.1%/°C and 4.9%/°C increases in peak isometric knee extensor torque and torque during knee
extension at 180°·s-1, respectively, were observed after intermittent cycle exercise (Bergh et al., 1979).
Both Bergh et al. (1979) and Pacheco (1957) incorporated relatively general warm-up activities (i.e.
moderate intensity aerobic exercise) yet still observed substantial improvements in performance. These
results suggest that performance enhancements can be achieved even when the movement patterns
between the warm-up and test tasks are dissimilar. Thus, increased Tm can be easily evoked by general
warm-up activities and can substantially enhance performance in subsequent dynamic functional tasks.

1.1.5 Fibre type dependence of muscle temperature
The effect of increased Tm appears to be fibre-type dependent. Whilst some studies reported that
all fibres are affected equally by temperature and that fibre type does not influence the effect of Tm on
muscle function (He et al., 2000), Gray et al. (2006) observed a strong relationship between the magnitude
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of increase in both mean (r = 0.85) and peak (r = 0.82) power output during a 6-s maximal cycle sprint
and the proportion of type IIA fibres. The greater increase in power with increased Tm in type II fibres
compared with type I fibres is most likely a result of a greater myofibrillar ATPase activity, since ATPase
activity affects cross-bridge cycling rate (He et al., 2000) and shortening velocity (Bárány, 1967; Barany
et al., 1971), and type II fibres have a greater ATPase content than type I fibres (Stienen et al., 1996).
Indeed, a greater increase in muscle power in type II fibres with increased Tm was clearly observed at very
high knee joint angular velocities (~1000°·s-1) in human sprint cycling where type II fibres would
primarily contribute to performance (Gray et al., 2006), however it is unlikely that this is seen at slower
angular velocities. This effect might at least partly explain why both Sargeant (1987) (2%/°C at 54 rpm
and 10%/°C at 140 rpm) and Bergh et al. (1979) (5.6%/°C at 90⁰·s-1) reported greater improvements in
muscle power at relatively higher movement speeds in their studies. Therefore, the greater increase in
muscle power with increased Tm in type II fibres compared to type I fibres may explain some of the interindividual differences reported in the warm-up literature (Seitz, de Villarreal, et al., 2014).

1.1.6 Muscle temperature summary
Tm is an important determinant of muscle function, and a large body of evidence supports the
premise that performance improvements associated with both passive (i.e. temperature-only) (Bishop,
2003a) and active (Fradkin et al., 2010) warm-ups result from the increase in Tm. Performance
improvements due to increased Tm have been estimated to be 1-5%/°C increase (although it may be greater
in very high-speed movement). Further, most effective warm-up protocols evoke a 5-10% improvement
in performance (Chiu et al., 2003; Seitz, de Villarreal, et al., 2014; Wilson et al., 2013). Therefore, these
data suggest that Tm is potentially the most significant mechanism underpinning warm-up-induced
performance enhancements. Furthermore, some data indicates that a fibre type dependence of Tm may be
present and could potentially explain the inter-individual variability commonly observed in the warm-up
literature, with stronger (e.g. stronger, larger or those with greater proportion of type II fibres) individuals
observing a greater increase in power output after a brief, intense active warm-up period (Seitz, de
Villarreal, et al., 2014; Seitz et al., 2016).

5

1.2 Central mechanisms
Increased voluntary (neural) drive to the muscle after a series of high-intensity muscle
contractions has been proposed as a potential mechanism for voluntary performance enhancement after a
warm-up (Güllich et al., 1996). Maximal contractions can acutely increase muscle activity (i.e.
electromyography; EMG) and RFD in a trained muscle (Nuzzo et al., 2016). This increase in muscle
activity originates from both supraspinal (i.e. cortical) and spinal mechanisms.

1.2.1 Supraspinal mechanisms
Increased voluntary drive to a muscle after a warm-up activity may occur through increases in
supraspinal excitability (Aboodarda et al., 2015), reductions in intra-cortical inhibition (Garry et al., 2004)
and/or reorganisation of neuronal networks (Classen et al., 1998). Collectively, these processes have been
found to optimise the timing and magnitude of voluntary drive to a muscle after a warm-up activity,
thereby improving voluntary RFD (Maffiuletti et al., 2016). For example, reorganisation of the neuronal
network has been seen after acute practice of a motor task. Classen et al. (1998) provides evidence of this
as it was found that acute bouts of voluntary motor practice performed in the opposite direction to that
produced by transcranial magnetic stimulation (TMS) to the motor cortex, led to a reversal of the direction
of the TMS-evoked movement; this effect was lost within 15-35 min of the cessation of voluntary practice.
Rapid change in these neuronal networks and pathways support the possibility of optimisation of the motor
pattern for a specific task and could potentially explain much of the performance enhancing effect of a
warm-up. Likewise, voluntary muscle contractions have been found to increase supraspinal excitability
(Aboodarda et al., 2015; Balbi et al., 2002; Nørgaard et al., 2000), which would directly influence
voluntary drive to a muscle (Tøien et al., 2017). Additionally, acute decreases in intra-cortical inhibition
has also been seen after voluntary muscle contractions (Garry et al., 2004) and could contribute to the
increased voluntary drive by enhancing output from the primary motor cortex (Garry et al., 2004),
therefore increasing supraspinal outflow and thus voluntary drive to the muscle. Collectively, these
processes can potentially increase voluntary muscle performance after a warm-up involving practice of a
specific task.
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1.2.2 Spinal mechanisms
Numerous processes at the spinal level also mediate voluntary drive, and thus the magnitude of
performance enhancement after warm-up. The processes responsible for this include increases in
motoneurone excitability (Nuzzo et al., 2016), reductions of inhibitory effects of sensory afferents via
reduced pre-synaptic inhibition (Folland et al., 2008; Güllich et al., 1996; Trimble et al., 1996) and/or
increases in efficacy of the corticospinal-motoneuronal synapses (Nuzzo et al., 2016). For example. a
single session of resistance exercise (i.e. high-intensity muscle contractions) has been found to increase
the responsiveness of the corticospinal tract to stimulation (Nuzzo et al., 2016). Specifically, increased
amplitude and twitch forces evoked by transcranial (TMS) and cervicomedullary (CMEP) stimulations
were observed after the performance of repeated, high-intensity voluntary muscle contractions (Nuzzo et
al., 2016), and are believed to result from increased excitability of the motoneurones (Folland et al., 2008)
and increased efficacy of the corticospinal-motoneuronal synapses (Garry et al., 2004). These mechanisms
have been associated with increased post-synaptic potentials (i.e. increased drive) believed to be related
to activity-dependent changes in the intrinsic properties of the synapses themselves (Khan et al., 2012).
Likewise, a decrease in pre-synaptic inhibition has been observed after high-intensity warm-up activities
(Folland et al., 2008; Güllich et al., 1996; Trimble et al., 1996), which is believed to result from reduced
inhibitory effects of sensory afferents (i.e. pre-synaptic inhibition) (Zehr, 2006). This would theoretically
increase motoneurone excitability (Folland et al., 2008) and improve voluntary drive (Stein et al., 2006).
These processes may explain some of the performance enhancing effects of warm-up.

1.2.3 Effects of warm-up on central mechanisms
A key component of the warm-up is a period of task practice of the activity of interest. This is
believed to optimise the motor pattern, which is dependent on the coordination (i.e. timing and magnitude)
of muscle activation (Kay et al., 2009; Martin et al., 2001). For example, mathematical modelling of the
CMJ revealed that a 20% increase in knee extensor muscle force resulted in a 7.8 cm increase in CMJ
height when neural patterns were optimised, whereas CMJ height decreased by 2 cm when neural patterns
were not optimised (Bobbert et al., 1994). Taken collectively with the findings of Classen et al. (1998),
coordination of muscle activation (motor) patterns is as, if not, more important than increased muscle force
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for enhancement of voluntary muscle performance (Bobbert et al., 1994). Likewise these changes occur
very specifically to the motor task performed (Classen et al., 1998), and therefore suggest that specific
task practice is an important component of a warm-up protocol.
Another key element of a warm-up protocol is that the warm-up activities are performed at
maximal, or near-maximal intensity. For example, a warm-up incorporating specific task practice at a submaximal intensity (i.e. 5 × CMJs reaching 75% of maximum CMJ height) did not evoke an increase in
subsequent CMJ height despite deliberate practice of the task (Burkett et al., 2005). This suggests that
voluntary contractions in a warm-up must be task specific and performed with ‘test-like’, or maximal
intensity to evoke the necessary changes in the nervous system (Classen et al., 1998; Folland et al., 2008;
Nuzzo et al., 2016). In support of this finding, the inclusion of explosive exercises (i.e. Olympic lifting
variants and sprinting) in a full running-based warm-up evoked a 32% increase in maximal knee extensor
muscle activity during a unilateral maximal voluntary isometric contraction (MVIC), whereas a lowintensity warm-up (i.e. 10 min run at 80% of lactate threshold velocity) only evoked a 15% increase
(Girard et al., 2009). However, the strength-based warm-up only induced a 9% increase in maximal
isometric knee extensor torque while the running-based warm-up induced a 13% increase, thus providing
evidence that warm-up exercises may differentially influence performance in different tasks, and remind
us that the mechanisms underpinning the performance enhancement are multifactorial.

1.2.4 Summary of central mechanisms
Both supraspinal and spinal processes are important modulators of voluntary (neural) drive to a
muscle after an acute bout of intense muscle contractions. However, the exact contribution of each
mechanism/process is difficult to identify due to the methodological limitations associated with assessing
corticospinal tract function. For example, spinal excitability has been found to “compensate” for changes
in supraspinal excitability (Aboodarda et al., 2015), and assessments of H-reflex amplitude (i.e. spinal
excitability) have been performed in resting muscle which is thought to provide limited insight into the
effects of a warm-up activity on spinal excitability during muscle contraction (Tucker et al., 2005).
Nevertheless, increased voluntary drive has been observed after a warm-up and has been associated with
increased RFD (Nuzzo et al., 2016), and therefore is an important factor that might enhance voluntary
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performance after warm-up. Furthermore, these findings highlight the complexity associated with
designing the ‘optimum’ warm-up protocol due to the many factors that can influence subsequent
voluntary muscle performance. Therefore, better understanding of ‘optimum’ warm-up program design
and the potential mechanisms underpinning the warm-up-mediated performance enhancements is needed.

1.3 Peripheral mechanisms
An increase in muscle activation after warm-up has often been attributed to central (neural)
mechanisms (detailed above). However, peripheral mechanisms including changes in excitationcontraction (E-C) coupling as a result of increased Ca2+ release or effect (efficiency) at the cross-bridge,
increased muscle fluid content and the associated effects on muscle ionic strength and passive muscle
tension, may also be important determinants of the performance enhancing effect of a warm-up.

1.3.1 Effects of phosphorylation of myosin regulatory light chain on muscle performance
Ca2+ sensitivity is defined as the muscle (or fibre) force produced at any given Ca2+ concentration
(Rassier et al., 2000). It is assessed in vivo by electrically-evoked twitch contractions since they are
susceptible to activity-dependent changes in Ca2+ sensitivity, believed to be modulated by phosphorylation
of myosin regulatory light chain (MRLC) (MacIntosh, 2003; Rassier et al., 2000; Sale, 2002). Increased
twitch force after a prior activity (i.e. warm-up) is used to estimate post-activation potentiation (PAP)
(Baudry et al., 2007). The enhancement of twitch force (i.e. PAP) after intense muscle contractions has
been associated with phosphorylation of MRLC (Smith et al., 2007; Vandenboom et al., 1993). For
example, the magnitude of MRLC phosphorylation was associated with the change in twitch force after a
10-s MVIC of the knee extensors (Smith et al., 2007), however, changes in muscle twitch force (or direct
measurement of MRLC phosphorylation) are not clearly associated with changes in voluntary muscle
function (Folland et al., 2008; Gossen et al., 2000). For example, the force-velocity profile of voluntary
knee extensions was not altered, despite MRLC phosphorylation (Smith et al., 2007). Therefore, whilst
MRLC phosphorylation induced by muscle activity results in an increase in muscle twitch force, there is
currently limited evidence that this mechanism profoundly affects voluntary muscle function in vivo in
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humans. Thus, other mechanisms should be considered to explain enhancements in muscle function after
warm-up.

1.3.2 Effects of osmotic compression of myofilament spacing on muscle performance
Osmotic compression of the myofilament lattice has been shown to increase Ca2+ sensitivity
(MacIntosh, 2003; Yang et al., 1998) by reducing proximity of actin and myosin, and thus increasing their
likelihood of interaction (Wang et al., 2000; Yang et al., 1998). This has only been observed in single fibre
preparations whereby the environment is chemically manipulated to induce osmotic pressures, and thus
increase fibre water (McDonald et al., 1995; Wang et al., 1995, 2000). Therefore, it is of interest as to
whether this same effect occurs in vivo. However, muscle water is incompressible (Sleboda et al., 2017)
and structures within skeletal muscle act to resist deformation (Azizi et al., 2017), therefore it is unknown
whether increased muscle water could exert a sufficient force to compress the myofilament lattice, and
thus increase Ca2+ sensitivity (MacIntosh, 2003). Nevertheless, increased muscle water due to the osmotic
fluid shifts associated with intense muscle contractions (as described below) may provide an opportunity
for this to occur in vivo (Lindinger et al., 1991; Lindinger et al., 1994).

1.3.3 Effects of muscle fluid volume on muscle performance: Effects in single fibre
preparations
Increased muscle fluid volume has been proposed as a modulator of muscle fibre force (Wang et
al., 1995; Yang et al., 1998). By altering the extracellular osmolality, water content of muscle fibres can
be altered. Such experiments revealed that increases in water content lead to an increase in muscle fibre
force (Edman et al., 1968; Gordon et al., 1970), even at high shortening velocities (Edman et al., 1977;
Edman et al., 1968; Sugi et al., 2015; Thames et al., 1974). This appears to result from increases in crossbridge-specific force (Bressler, 1977; Edman et al., 1968; Fink et al., 1986; Sugi et al., 2015; Wang et al.,
2015) as a result of the prolongation of the working stroke (Sugi et al., 2015). Importantly, the effect of
reduced ionic strength within the fibre by water inflow on fibre force is independent of changes in
myofibrillar spacing, which would normally be expected to increase upon swelling and to result in a
decrease in Ca2+ sensitivity (as discussed above) (Gulati et al., 1982). Regardless of the exact mechanism,
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an increase in force per unit activation (i.e. Ca2+ sensitivity) due to reduced ionic strength should also
enhance muscle function in vivo.
A secondary effect of increased fluid volume in a muscle fibre is an increase in passive tension
associated with the increased fibre fluid volume. Fluid shifts increase passive longitudinal forces (Edman
et al., 1977; Sleboda et al., 2017), which have been associated with changes in muscle force-velocity
profile (Edman et al., 1977). The effect of passive tension on voluntary muscle function in vivo is not well
understood, however it can be speculated that increased passive tension would impact voluntary muscle
function by reducing the resistance to muscle shortening (i.e. increasing concentric force production)
(Carolyn M Eng et al., 2018), increasing the resistance to lengthening (increased eccentric force
production) (Azizi et al., 2014) and influencing the rotation of muscle fibres during dynamic muscle
contractions to enhance muscle power production (Carolyn M. Eng et al., 2018). Whilst more research is
required to fully understand the effect of increased muscle fluid volume on voluntary muscle force
production, ex vivo evidence presented above suggests that this mechanism could provide a significant
enhancement of muscular force production in a fibre type-specific manner.

1.3.4 Mechanisms of exercise-induced muscle fluid shifts in vivo
Intense muscle contractions trigger the accumulation of osmotically active metabolites such as
adenosine diphosphate (ADP), hydrogen ions (H+), inorganic phosphate (Pi) and lactate (La-) (Lindinger
et al., 1991; Lindinger et al., 1994). The increased interstitial osmolality has been shown to drive solutepoor fluid (i.e. water) into the active muscle (Lindinger et al., 1994; Lundvall et al., 1972), increasing
muscle volume, and thus cross-sectional area (CSA) (Ploutz-Snyder et al., 1995). Alternatively, muscle
blood flow has been shown to increase linearly with power output during dynamic knee extensor exercise
(Saltin et al., 1998), which increases capillary hydrostatic pressure (Lundvall et al., 1972) and, as such,
vascular bed dilation is induced and the muscle fluid perfusion increased (Kjellmer, 1964). Intense muscle
contractions such as those performed during heavy resistance exercise have been shown to induce fluid
movement from the vascular space into the active musculature (Ploutz-Snyder et al., 1995). This was
demonstrated by an increase in muscle CSA (5%) that correlated with the loss of plasma volume (22%; r
= 0.75). Other studies have reported similar decreases (14-18%) in plasma volume (Collins et al., 1986;
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Knowlton et al., 1987), showing that the phenomenon is repeatable and highlights that exercise-induced
muscle fluid shifts may contribute to performance enhancement in vivo.
Of particular interest, this effect shows the same fibre type dependence as both PAP and voluntary
performance enhancement (Prior et al., 2001; Seitz, 2014). For example, stimulation of rat hind limb for
6 min induced a greater increase in the T2-weighted MRI signal (indicating increased muscle water) of the
plantaris and white gastrocnemius (i.e. type II dominant) than the soleus (i.e. type I dominant) (Prior et
al., 2001). Further, individuals with a greater proportion of type II fibres are known to reach anaerobic
threshold earlier than those with a greater proportion of type I fibres (Ivy et al., 1980), thus providing the
necessary increase in metabolite accumulation to trigger muscle fluid shift (Lindinger et al., 1991;
Lindinger et al., 1994). Thus, not only might the movement of water occur as a result of acute exercise,
but this fluid shift may be fibre type dependent. It is therefore of interest to consider the potential role of
muscle water on force production.

1.3.5 Effects of muscle fluid volume and passive muscle stiffness on muscle performance:
Effects in vivo
Increased muscle fluid volume has been speculated to enhance muscle function in vivo by altering
the muscle force-velocity and length-tension relationships due to the increased longitudinal tension
associated with increased muscle water content (Carolyn M. Eng et al., 2018). For example, a fluiddependent increase in stiffness would influence fibre rotation during dynamic muscle contractions
(Blazevich et al., 2019; Carolyn M. Eng et al., 2018), which would (i) increase muscle shortening velocity
for a given fibre shortening velocity (i.e. increase gear ratio), and (ii) increase muscle force by allowing
less fibre shortening (and shortening velocity) for a given muscle shortening distance (or velocity)
(Carolyn M Eng et al., 2018; Carolyn M. Eng et al., 2018). Collectively, these processes support greater
force and shortening velocity, and therefore muscle power (Dick et al., 2017). Likewise, increased stiffness
would also theoretically increase muscular RFD due to the effect of series elastic structures on force
transmission. For example, the work done by the cross-bridges is absorbed by the series elastic structures
as they stretch, storing energy and slowing the transmission of force to the distal tendon. This may have
significant consequences. For example, it was estimated that 40% of the time to reach 50% of maximum
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force (muscle fibre without external tendon) could be attributed to the requirement to stretch series elastic
structures (Edman et al., 2007). Despite limited evidence of these mechanisms enhancing muscle function
in vivo, the theoretical underpinnings have been well developed based on single fibre preparations.
Therefore, it is possible that increased muscle fluid and the associated increased muscle stiffness could be
responsible for some of the performance enhancing effects of warm-up in vivo. The performance of
exercises that increase muscle water content, such as higher-intensity exercise leading to metabolite
accumulation, would most likely fulfil this role and might thus be an important part of warm-up.

1.4 Limitations of previous research on warm-up
There are many limitations of previous research on warm-up that significantly impact the validity
of the findings. For example, two high-quality reviews on warm-ups have highlighted fundamental
limitations such as: randomisation between conditions on separate days, familiarisation of task prior to
experimental testing sessions, blinding of both researchers and participants, and controlling for Tm, time
of day, diet and hydration, etc. (see Blazevich et al. (2019) and MacIntosh et al. (2012) for reviews).
However, other limitations might also impact the research conducted on warm-ups, and are reviewed
below; possible solutions are provided in Table 1.

1.4.1 Pre-baseline testing warm-up
Very limited (i.e. 5-10 min of aerobic exercise and in some cases, sub-maximal practice of the
test contraction), or no, warm-up is often provided prior to baseline testing in many research studies. This
results in sub-optimum performance in baseline testing, meaning the warm-up-mediated performance
enhancements are disproportionately exaggerated. Therefore, the true effect of the warm-up protocol is
unknown, meaning comparisons with other studies and/or the practical applications stemming from the
study are limited.
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1.4.2 Learning effect
A major confounding effect of repeated measures in research design is the learning effect,
whereby improvements in the criterion test (i.e. CMJ) with repeated measurements may be primarily
associated with familiarisation (i.e. learning how to perform the test). Therefore, the true effect of the
warm-up protocol is masked by the learning effect (MacIntosh et al., 2012).

1.4.3 Non-specific warm-up
There is a large variability in the effects of warm-up protocols within the literature, with many
researchers observing increases, decreases, no changes or even a delayed increase in performance. A
potential mechanism to explain this is the lack of specificity in a warm-up protocol. For example, failing
to perform a warm-up where the movements are similar to the criterion task (i.e. isokinetic knee extensions
at 180°·s-1 to prepare for the knee extension test at 180°·s-1) or where test-like intensity (i.e. maximal) is
not incorporated, will most likely induce a decrease or delay in performance enhancement, likely due to
fatigue or motor pattern interference.

1.4.4 Control condition
A control condition provides the experimental condition an opportunity to control for errors
associated with repeated measurements (i.e. compounding measurement error) or random chance.
However, the comparison between an experimental condition (i.e. high-intensity warm-up protocol) and
a control condition (i.e. passively seated for 10 min) provides little information that is of value. For
example, most warm-up protocols involving high-intensity muscle contractions will observe some
performance enhancement compared to passive sitting, no matter how poor the protocol. Further, this
control does not provide information about the individual (i.e. within-subject) effects of the warm-up (i.e.
the important information that can be applied and/or progress the scientific literature).

1.4.5 Missing data
There is an abundance of research examining the effects of warm-up on muscle performance,
however, few studies include measurements of important variables such as muscle activity (using EMG,
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for example), Tm or muscle fluid content. Therefore, when an interesting finding is published without any
important variables measured, the researchers (and readers) have to make assumptions based on previous
knowledge and/or other studies as to why a given finding was observed.

Table 1. Limitations of previous research on warm-up and potential solutions
Limitation

Solution
• Comprehensive pre-baseline warm-up including (i) aerobic exercise,

Pre-baseline testing

and (ii) specific practice of the test contraction (i.e. perform trials of

warm-up

test contraction until performance plateaus)

• 1-2 familiarisation sessions before testing session
• Specific practice of the test contraction (i.e. perform trials of test
Learning effect
contraction until performance plateaus)

• Warm-up exercises should incorporate (i) movement pattern
specificity (i.e. CMJ exercise for CMJ test), and (ii) contraction type,
Non-specific warm-up
load and velocity specificity with the test contraction

• Performance data provided relative to baseline (i.e. % change in
performance as a result of the warm-up) – this is more effective for the
assessment of individual responses (i.e. within-subject)
• Control group performs the same warm-up protocol as the
experimental group, besides a single variable (i.e. specific warm-up
Control condition
protocol, nutrition or hydration strategy, etc.)
• Control groups (i.e. passively seated) should be used to control for
errors associated with repeated measures, but caution should be
practiced when comparing performance enhancements to a seated
control, in isolation
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• Collect data of any variables believed to be associated with changes in
the outcome variable
Missing data
• Collaborate with other research groups if limitation is due to access to
specific equipment

1.5 Summary
This review provides evidence that Tm as well as a number of central (neural) and peripheral
mechanisms might contribute to the enhancement of muscle function after a warm-up. Increased Tm, in
particular, has induced direct changes in muscle physiology, including increased ATP turnover (and
relevant enzymatic processes) and MFCV, which are likely contributors to the increased rate of crossbridge cycling, and thus enhancement of muscle performance after warm-up. Regarding central (neural)
mechanisms, enhancement of muscle function most likely result from increases in supraspinal and spinal
excitability (i.e. reduced intra-cortical and pre-synaptic inhibition) and reorganisation of the neuronal
network, resulting in increased voluntary drive to the muscle and optimisation of motor patterns.
Peripherally, water inflow causing a reduction in ionic strength, altered fibre rotation (gearing) during
dynamic muscle contractions leading to changes in force-velocity and length-tension relationships, and
increased muscle stiffness (improving tension transmission) are likely contributors to enhanced muscle
function after a warm-up, in addition to temperature-dependent effects. However, there are many
limitations to the research. It is therefore essential to better describe the physiological factors influencing
voluntary muscle function after warm-up in order to determine the factors that might be optimised by an
‘appropriate’ warm-up. Such research should improve the design of warm-up routines, both in the research
and applied contexts.
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1.6 Aims of the thesis

The primary aims of the present thesis are as follows:

Question 1: Does extensive practice of a high-speed isokinetic knee extension task (one
contraction at a knee joint angular velocity of 180°·s-1 every 30 s), with sufficient inter-repetition rest (30
s) result in an increase in peak knee extensor torque and agonist muscle activity in a high-speed (180°·s1

) test contraction without a significant increase in muscle temperature or muscle fluid shift?
Hypothesis 1: It was hypothesised that extensive practice of a high-speed isokinetic knee

extension task would increase peak knee extensor torque and agonist muscle activity without a significant
increase in muscle temperature or muscle fluid content.

Question 2: After completing extensive isokinetic knee extension practice (Question 1), does the
performance of an ‘under-speed’ (therefore higher force) conditioning activity (5 repetitions at 60°·s-1)
with minimal inter-repetition rest (5 s) evoke an increase in muscle temperature and muscle fluid content,
and are these associated with increases in Ca2+ sensitivity and peak knee extensor torque in a high-speed
(180°·s-1) isokinetic knee extension test?
Hypothesis 2: It was hypothesised that the performance of an ‘under-speed’ (higher force)
conditioning activity would elicit an increase in muscle temperature and muscle fluid content that is
associated with an increase in Ca2+ sensitivity and peak knee extensor torque in a high-speed (180°·s-1)
isokinetic knee extension test.

Question 3: After completing extensive isokinetic knee extension practice (Question 1), does the
performance of an ‘over-speed’ (therefore lower force) conditioning activity (25 repetitions at 300°·s-1)
with minimal inter-repetition rest (5 s) evoke an increase in muscle temperature and muscle fluid content,
and are these associated with increases in Ca2+ sensitivity and peak knee extensor torque in a high-speed
(180°·s-1) isokinetic knee extension test?
Hypothesis 3: It was hypothesised that the performance of an ‘over-speed’ conditioning activity

17

with equal total contraction time to the under-speed conditioning activity would exhibit a similar response
to the under-speed conditioning activity.

Question 4: Are the temporal responses of changes in muscle temperature, muscle fluid content,
Ca2+ sensitivity and peak knee extensor torque (~10 min after warm-up) similar?
Hypothesis 4: It was hypothesised that changes in muscle fluid content would be associated with
changes in Ca2+ sensitivity, while changes in muscle temperature will underpin the changes in peak knee
extensor torque after the warm-up to ~10 min.
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2.0 METHODS
The present research was performed in two separate experiments; Experiment 1 and Experiment
2.

Experiment 1: Neuromuscular- and temperature-dependent factors
influencing muscle force after warm-up
2.1.1 Participants
Nineteen healthy adults volunteered to participate in the study (13 Male, 6 Female; age [mean ±
SD], 27.5 ± 6.1 y; height, 1.79 ± 0.05 m; body mass, 82.3 ± 9.1 kg). All participants completed a Physical
Activity Readiness Questionnaire (PARQ) and a ‘Medical and Muscle Conditions’ Questionnaire and
reported no history of musculoskeletal or cardiovascular conditions that would contraindicate their
participation in the study. Participants abstained from stimulant and depressant ingestion, including
caffeine for at least 6 h and alcohol for at least 24 h, prior to testing sessions and refrained from hard
exercise and sporting activities for 24 h prior to sessions. Participants declared any medications they were
currently taking in the pre-testing questionnaire. The Chief Investigator then detailed the contraindicated
substances/medications to the participant to ensure inclusion criteria were met. Written informed consent
was obtained from all participants, and all study procedures were conducted in accordance with the
Declaration of Helsinki and were approved by the Edith Cowan University Human Research Ethics
Committee.

2.1.2. Study design and overview
The main aim of Experiment 1 was to examine the neuromuscular- and temperature-dependent
factors influencing dynamic muscle force production after a complete warm-up that included extensive
task-specific practice and a high-intensity muscular conditioning activity (CA). Participants visited the
laboratory on three separate occasions at the same time of the day (±1 h), separated by a minimum of 72
h (see Figure 2.1). In Session 1, participants were familiarised with the isokinetic knee extension test and
warm-up protocols to minimise learning effects. Additionally, participants were familiarised with
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electrical stimulation and muscle temperature needle procedures. During the second and third sessions,
the participants completed each of two experimental conditions (i.e. CA60 or CA300, as described below)
in a randomised and counterbalanced order. Both experimental conditions involved the same warm-up
protocol, i.e. (1) low-intensity task-specific practice (one knee extension repetition each at 30, 60, and
90% of perceived maximal effort at a knee angular velocity of 180°·s-1 [i.e. test speed] with 30 s between
repetitions), and (2) high-intensity task-specific practice consisting of maximal knee extensor repetitions
at the test speed of 180°·s-1, performed every 30 s until peak torque production of three consecutive
contractions varied <2%. As shown in Figure 2.1, the participants then performed either five maximal
knee extensions at 60°·s-1 (5 s between repetitions; CA60) or 25 maximal knee extensions at 300°·s-1 (5 s
between repetitions; CA300) in a randomised and counterbalanced order. To quantify the effects of each
phase of the warm-up (i.e. task practice vs. CAs), a test battery was performed both before and after highintensity task-specific practice to assess changes associated with extensive task practice alone, as well as
before and 1, 5 & 9 min after the CAs to detect changes beyond the level of complete task practice (i.e.
full familiarisation), that is, the true effect of the CAs. A detailed explanation of the test battery is provided
in testing procedures (see Figure 2.2).

Figure 2.1. Experiment 1 design overview. Participants completed a familiarisation session at least 72 h
before the first testing session. Participants then completed both conditions (i.e. CA60 and CA300) in a
randomised and counterbalanced order.

2.1.3 Warm-up protocols
The warm-up protocol implemented in this research involved a full warm-up with multiple phases.
This was to emulate real-world warm-up practices as well as investigate the effects of the CAs beyond the
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effects of task familiarisation. The phases of the warm-up protocols are described below.

2.1.3.1 Low-intensity, task-specific practice
Participants performed one repetition each at 30, 60 and 90% of their perceived maximum at an
angular velocity of 180°·s-1 (from 90° to 0° knee extension) with 30 s between repetitions. The submaximal bout of knee extensor practice was performed as a confirmatory tool to ensure the set-up was
optimised and the participant did not experience pain during contractions. This phase of the warm-up was
included to reduce the risk of musculoskeletal injury while providing minimal task practice (i.e. learning),
muscle fluid shifts and/or increase in Tm (see Figure 2.2).

2.1.3.2 High-intensity, task-specific practice
Participants performed repeated, single repetitions at 180°·s-1 with 30 s between repetitions until
peak torque differed <2% in three consecutive repetitions. This phase was designed to provide extensive
practice of the isokinetic knee extensor task whilst minimising (but not eliminating) Tm changes or fluid
shifts, i.e. it was performed with prolonged inter-repetition rest (30 s) and a low volume of work (i.e. 3-5
contractions, 1.5-2.5 s total concentric contraction time). Changes observed after this phase of the warmup was primarily attributed to familiarisation (i.e. the learning effect) with the task (see Figure 2.2).

2.1.3.3 Conditioning activities (CAs)
In a random and counterbalanced order on different days (test days 2 and 3), participants
performed either 5 repetitions of maximal isokinetic knee extensions at 60°·s-1 (CA60) or 25 repetitions
at 300°·s-1 (CA300) with a 5-s inter-repetition rest (7.5 s total concentric contraction time). This acute
exercise bout was performed with the aim of increasing Tm and inducing muscle fluid shifts, and therefore
to provide information regarding the effect of these physiological responses on voluntary muscle
performance (see Figure 2.2).
Peak knee extensor torque was recorded for each repetition in the CAs and was used to monitor
fatigue. Specifically, the peak value achieved in repetitions 1 or 2 in CA60, or in repetitions 1, 2 or 3 in
CA300 was used as the “start” value, while the peak value achieved in repetitions 4 or 5 in CA60, or in
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repetitions 23, 24 or 25 in CA300 was used as the “end” value. A difference between the “start” and
“end” values was believed to be an indicator fatigue. This method accounts for inter-individual variability,
meaning peak values achieved in repetitions 2 or 3 (i.e. winding up effect) are not missed (Pinto et al.,
2018). Total work was also calculated during the CAs (see below) to detect potential differences between
conditions (Seitz, Trajano, et al., 2014).
Total work was calculated as: [∑(τmean,KE)/n]

x θ where τmean,KE is the average torque of

each knee extension repetition performed during the CA, n is the number of knee extensions performed
during the CA and θ is the total angular displacement (in radians) of the knee extension repetitions
performed during the CA.

2.1.4 Participant preparation and dynamometer set up
Upon arrival at the laboratory, the participants were prepared for the experimental session (i.e.
EMG and stimulation electrode placement, analgaesic cream application, etc. as described below).
Participants cycled on a Monark cycle ergometer for 5 min at 60 rpm with a 1-kg resistance (model 828E,
Monark Exercise, AB, Sweden). They were then seated on an isokinetic dynamometer (Biodex System 4
Pro, Biodex Medical System, Shirley, New York, USA) with the thigh of their dominant (i.e. strongest)
leg strapped to the dynamometer chair and the ankle fixed to the dynamometer lever arm. The lateral
femoral epicondyle was aligned to the axis of rotation of the dynamometer, and the knee and hip joints
were flexed at 90° and 85°, respectively (0° = full extension). Gravity correction and calibration of the
dynamometer was made prior to each testing session.

2.1.5 Testing procedures
As shown in Figure 2.2, a test battery was performed before (pre-TP) and after (post-TP) task
practice, and before (post-TP) and 1 (1 min post-CA), 5 (5 min post-CA) and 9 (9 min post-CA) min after
the CA. The procedures used in the test battery are described below.
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2.1.5.1 Peak voluntary knee extensor torque (T180)
A maximal voluntary knee extension was performed in each test to assess changes in voluntary
dynamic muscle force production (i.e. performance). The voluntary test contraction was an explosive knee
extension performed at 180°·s-1 from 90 to 0° knee flexion (0° = full extension) (see Figure 2.2). Peak
torque (T180) was used as the primary outcome variable because changes in voluntary muscle
performance after warm-up appear to exhibit a velocity-dependence (Chaouachi et al., 2011; Fukutani et
al., 2013). Additionally, mechanisms of interest to this effect (i.e. Tm, rate of cross-bridge cycling and
initial burst of EMG) have been shown to preferentially affect high-velocity movement capacity (Del
Vecchio et al., 2019; Gray et al., 2006; Seitz, Trajano, et al., 2014)

Figure 2.2. Experiment 1 session overview and test battery. Voluntary (180⁰·s-1; T180) and electricallyevoked (i.e. single twitch and three tetanic stimulations [20 Hz, VFT & 80 Hz]) knee extensor torques and
electromyogram (EMG) data, and indwelling muscle temperature (Tm) was recorded before (pre-TP) and
after task-practice (post-TP) and 1, 5 and 9 min after the CAs (CA60: 5 repetitions at 60°·s-1 or CA300:
25 repetitions at 300°·s-1).

2.1.5.2 Peak twitch torque (femoral nerve stimulation; Ttw,peak)
Electrical femoral nerve stimulation was used to evoke twitch contractions of the quadriceps
muscle to (1) assess changes in muscle contractile properties (i.e. peak twitch torque; Ttw,peak), (2) assess
changes in sarcolemmal excitability (i.e. M-wave amplitude) (Hicks, Fenton, et al., 1989; Hicks &
McComas, 1989), and (3) normalise EMG data during voluntary contractions (Millet et al., 2011). After
the 5-min cycle, the stimulation intensity required to evoke the maximal M-wave amplitude (Mmax) was
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determined by delivering single 0.2-ms square-wave pulses to the femoral nerve using a constant-current
stimulator (DS7H, Digitimer Ltd, Welwyn Garden City, UK) while the participants sat in the chair of an
isokinetic dynamometer (Biodex system 4; Biodex Medical Systems, Shirley, NY) with hip and knee
angles of 85° and 45°, respectively. The cathode electrode (pick-up area 77 mm2; Unilect 4535M,
Ag/AgCl, Unomedical Ltd, Redditch, UK) was positioned beside the femoral artery in the inguinal region
and the anode electrode (5 × 9 cm; Dura-Stick Plus, DJO Global LLC., Vista, USA) was positioned over
the greater trochanter. The stimulation site that elicited the greatest M-wave response in the VL at a
submaximal stimulation intensity was located by a hand-held cathode electrode pen (Compex Motor Point
Pen, DJO Global LLC., Vista, USA). The stimulation intensity for VL Mmax measurement was determined
by increasing stimulator intensity in 5-10 mA increments from a sub-motor threshold intensity until the
M-wave amplitude plateaued (10-s intervals between stimuli) with the muscles relaxed (knee angle: 45°;
0° = full extension). To ensure that a supramaximal current was used during twitch stimulations, an
intensity of 130% of maximal M-wave amplitude was used. Unlike the constant-frequency tetanic
response (described below), twitch contractile properties are susceptible to changes in Ca2+ sensitivity
(Rassier et al., 2000; Sale, 2002), believed to be caused by phosphorylation of MRLC and/or changes in
series elastic stiffness (MacIntosh, 2003; Millet et al., 2011), thus indicating acute potentiation and fatigue
events (Rassier et al., 2000).

2.1.5.3 Peak tetanic torque (Transcutaneous neuromuscular electrical stimulation)
A constant-current electrical stimulator (DS7, Digitimer Ltd, Welwyn Garden City, UK) was used
to deliver electrical square-wave trains of stimuli (0.5-ms pulse width) to the quadriceps muscle belly
through four self-adhesive electrodes (5 × 9 cm; Dura-Stick Plus, DJO Global LLC., Vista, USA). The
cathodes were placed on rectus femoris (RF) and proximal VL, while the anodes were placed on the distal
VL and vastus medialis (VM), where the greatest motor response was evoked during a sub-maximal
stimulation.
The intensity necessary to reach 50% of MVIC torque with a 0.5 ms duration tetanic stimulation
at 80-Hz was used throughout the experiment (Kirk et al., 2019; Seitz, 2014). Three evoked contractions
of the same duration were delivered to the quadriceps (45° knee angle) to assess E-C coupling efficiency:
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(1) 20-Hz train (T20 Hz); (2) variable frequency “catch inducing” train (i.e. 20-Hz train with the first two
pulses at 100 Hz; VFT); and (3) 80-Hz train (T80 Hz; see Figure 2.2). The peak tetanic torque produced
by the 20-Hz and 80-Hz stimulations were used to calculate the 20:80 ratio, which was used as a measure
of E-C coupling efficiency (Martin et al., 2004). The ratio of the torques evoked by the variable vs.
constant frequency trains (VFT:20 ratio) was used to estimate the muscle’s capacity to utilise a highfrequency double discharge at contraction onset, which should be strongly affected by Ca2+ sensitivity
within the muscle (Binder‐Macleod et al., 2005).

2.1.5.4 Muscle temperature (Tm)
VL muscle temperature (Tm) was measured at each time point (see Figure 2.2) with a sterilised
needle thermistor (Physitemp Instruments, Clifton, NJ). With participants seated in the dynamometer
(knee angle: 45°, hip angle: 85°), the insertion location (50% distance between greater trochanter and
lateral epicondyle of the femur) was wiped with an alcohol swab, the sterilised needle thermistor was
removed from the air tight package and inserted perpendicularly into VL to a depth of 4 cm, and then the
Tm was recorded 5-10 s after the insertion once Tm had stabilised. The needle thermistor was then removed
and placed in a sterile bathing solution. During the participant preparation phase, the insertion site was
clearly marked using an ink-based marker to ensure reliability and repeatability of measurements.
Furthermore, a topical analgaesic cream (EMLA: AstraZeneca, London, UK) containing lidocaine (2.5%)
and prilocaine (2.5%) was applied to the skin surface at the pre-marked location (5cm2 area). The cream
was left on the skin surface to allow for adequate local cutaneous absorption.

2.1.5.5 Muscle activity (electromyography; EMG)
Surface EMG was used to record muscle activity during voluntary and electrically evoked
contractions. EMG was recorded from the VL during voluntary contractions using bipolar configurations
(two Ag/AgCl self-adhesive electrodes; 2-cm inter-electrode distance; Blue Sensor N-00-S, 28mm2,
Ambu, Ballerup, Denmark). Electrodes were placed on VL at 70% distance from greater trochanter of the
femur and superior border of patella, while a pseudo-monopolar EMG configuration was also used to
record evoked responses from VL (i.e. Mmax, when not used for EMG normalisation). The active electrode
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was positioned just lateral to the VL bipolar EMG electrodes and the dispersive electrode at the VL
muscle-tendon junction, just superior and lateral to the patella. The reference electrode was placed on the
tibial tuberosity. The skin beneath the electrodes was shaved, abraded and cleaned with alcohol to reduce
inter-electrode resistance below 5 kΩ. All EMG data were sampled at a 2000-Hz analogue-digital
conversion rate using a Dual BioAmp EMG system (ADInstruments, NSW, Australia) and band-pass
filtered (20-500 Hz) using LabChart Software (PowerLab System, ADInstruments, v. 8.1.5, NSW,
Australia).
Muscle activity during maximal voluntary knee extensions was smoothed in real-time with a
symmetric root-mean-square (RMS) filter with a 100-ms averaging window. Peak VL EMG during T180
(EMGVL,T180) was taken as the peak RMS value between signal onset and peak torque (i.e. ascending limb).
EMGVL,T180 was then normalised to Mmax (EMGVL,T180/M) to (i) provide a measure of neural drive during
high-velocity contractions whereby traditional voluntary activation (VA%) methods are not feasible
(Millet et al., 2011), and (ii) account for changes in the sarcolemmal properties associated with ionic
changes (Hicks, Fenton, et al., 1989). Mean muscle activity within the first 40 ms of T180 was also
recorded (EMGVL,40ms). This value was also normalised to Mmax (EMGVL,40ms/M) to account for changes in
sarcolemmal properties. Early-phase EMG data have been used to predict subsequent explosive force
performance, exclusively from the initial burst (i.e. motor unit firing rate) of neuronal activity (Del
Vecchio et al., 2019), and thus provides valuable information about explosive force production in the
current research.
The raw EMG signal was full-wave rectified to detect signal onset. EMG onset was defined as
the first rise in EMG activity beyond baseline activity (i.e. mean signal of a 3 s window at rest [baseline])
and did not go below baseline activity again. Signal onset detection was performed manually as it is
believed to provide highly accurate event detection (Micera et al., 2001). Peak-to-peak M-wave
amplitudes (Mmax) were calculated from unfiltered data (i.e. pseudo-monopolar EMG).

2.1.6 Statistical analysis
Prior to analysis, the data were assessed for normality of distribution, homogeneity of variance
(Levene’s test) and sphericity (Mauchly’s). In cases where Mauchly’s Test of Sphericity was violated,
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Greenhouse-Geisser corrections were used. Separate two-way repeated measures analysis of variance
(ANOVAs) were performed to compare changes in all variables over time (pre and post-TP, and 1, 5 and
9 min post-CA) and between conditions (CA60 vs. CA300). Pairwise comparisons with Bonferroni
corrections were performed when significant interaction or condition effects were detected. Separate oneway repeated measures ANOVAs were performed to compare changes over time for each condition
individually if a main effect of time was detected. Paired sample t-tests were performed to assess whether
the group means (relative change over time) were statistically different between CA60 and CA300 for the
(i) relative change in T180 from pre-TP to post-TP, (ii) relative change in T180 from post-TP to 1 min
post-CA, (iii) relative change in Tm from baseline to post-TP, (iv) number of repetitions to achieve peak
torque in task-specific practice, (v) decline in peak torque throughout the CAs (i.e. measure of fatigue),
and (vi) total work done during the CAs.
A Bland-Altman within-subject analysis was performed to determine Pearson’s correlation
coefficients (r) and multiple regression coefficients (r2) using the sum of squares and residual sum of
squares computed by the analysis of covariance (ANCOVA), as recommended by Bland et al. (1995).
This correlation allows for data collected from each participant at all time points to be included in the
single correlation, allowing for an overall correlation between variables over time to be computed. The
Pearson’s correlation coefficient (r) was computed to quantify the relationships between changes in T180
and changes in important variables (see Results). The strength of relationships were assessed using the
following criteria (Cohen, 2013): trivial (r < 0.1), small (r = 0.10-0.29), moderate (r = 0.3-0.49), large (r
= 0.5-0.69), very large (r = 0.7-0.89) and nearly perfect (r ≥ 0.9). Further, the multiple regression
coefficient (r2) was computed to quantify the variance in T180 that could be explained by a given variable.
Statistical analyses were performed using SPSS version 24.0 (SPSS Inc., Chicago IL, USA). All data are
reported as mean ± SD.
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Experiment 2: Exercise-induced muscle fluid shifts after maximal voluntary
contractions and the effects on passive muscle stiffness

2.2.1 Participants
Nineteen individuals volunteered to participate in Experiment 2 (14 Male, 5 Female; age, 27.7 ±
6.2 y; height, 1.78 ± 0.06 m; body mass, 81.9 ± 13.7 kg). Six participants volunteered after completing
Experiment 1 (4 Male, 2 Female; age, 29.3 ± 6.8 y; height, 1.78 ± 0.07 m; body mass, 85.3 ± 11.1 kg). All
participant inclusion criteria, pre-testing instructions, and ethical procedures were the same as described
for Experiment 1.

2.2.2 Study design and overview
Participants in this experiment visited the laboratory on two separate occasions at the same time
of day (<1 h difference) separated by a minimum of 72 h (see Figure 2.3). Both sessions (i.e. CA60 and
CA300) allowed for the investigation of physiological responses during and after a comprehensive, highintensity warm-up. The warm-up protocol in Experiment 2 was identical to that used in Experiment 1 (see
Figure 2.2 for Experiment 1 test battery), however different measurements were taken (see Figure 2.4). A
familiarisation session was not included in Experiment 2 since no tests of voluntary function were
completed.

Figure 2.3. Experiment 2 design
overview. Participants completed both
conditions in a randomised and
counterbalanced order, with at least 72
h between testing sessions
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2.2.3 Testing procedures
As described above, the warm-up protocol in Experiment 1 was replicated in Experiment 2 (see
Figure 2.4), however different measurements were taken to assess exercise-induced fluid shifts associated
with warm-up.

2.2.3.1 Total haemoglobin concentration (THb)
The concentration of the O2-dependent absorption of haemoglobin (Hb) was measured using nearinfrared spectroscopy, specifically, a NIRO-200 oximeter (Hamamatsu Photonics, Hamamatsu, Japan)
was used. This oximeter quantifies other variables associated with muscle oxygenation, however only total
haemoglobin concentration (THb) was used in the present research. Changes in THb were used as an
indirect marker of changes in local muscle blood content, and thus flow (Ferrari et al., 2004; Peñailillo et
al., 2017).
The emitter and detector probes were firmly attached to the skin over the VL muscle belly (4 cm
inter-probe distance) at a point 10 cm inferior to the mid-distance between greater trochanter and top of
patella (i.e. below the ultrasound imaging site described below). Double-sided adhesive tape was used to
firmly attach the probe to the skin, which was then covered by black material, and wires were taped to the
skin to minimise noise. The zero-set procedure was performed before each session to return THb to zero
(Peñailillo et al., 2017). After probe placement, participants sat for 20 min to control for postural-mediated
fluid shifts. After the control period, the mean THb value was recorded during a 60 s sample, with the
participant seated still. This value (i.e. mean THb concentration at rest) was set as the baseline, with
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subsequent measurements compared to baseline (i.e. absolute and relative change in THb concentration
from baseline [rest] to post-TP and 1, 5 and 9 min post-CA) (see Figure 2.4).

Figure 2.4. Experimental 2 session overview and test battery. Total haemoglobin concentration (THb),
muscle thickness and passive muscle stiffness of the VL was measured at the same time points as
Experiment 1 (i.e. pre-TP, post-TP, and 1, 5 and 9 min post-CA). The warm-up protocol from Experiment
1 was also replicated (see Figure 2.2).

2.2.3.2 Muscle thickness
VL muscle thickness was measured using B-mode ultrasound (Aloka SSD-alpha10, Aloka Co.,
Tokyo, Japan). The imaging site was located and marked with a skin marker during participant
preparation. Participants sat on the isokinetic dynamometer for 20 min to control for postural-mediated
fluid shifts before baseline images were taken. Cross-sectional images were taken in the middle of the VL
at 50% of the distance between the greater trochanter and lateral epicondyle of the femur at all time points
within the protocol (see Figure 2.4). Water-soluble transmission gel was used to provide acoustic contact
between the probe and the skin, with no visible compression of the underlying tissues that would influence
muscle thickness measurements were detected on the scans. To control for measurement errors associated
with repeated measurements, on-screen images were compared to an image taken prior to testing (i.e.
during control period) and all measurements were performed by the same experienced sonographer
(Blazevich et al., 2007). Likewise, five images were taken and analysed per test to improve the precision
of measurement (Hopkins, 2000).
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Images were stored on a computer and analysed using ImageJ analysis software (ImageJ, National
Institute of Health, USA). VL muscle thickness was defined as the distance between the superficial and
deep aponeuroses (see example image in Figure 2.5). The mean of five images was recorded as VL muscle
thickness each test. An increase in muscle thickness was believed to provide an indication of exerciseinduced fluid shifts (i.e. increased muscle water or blood content) into the working muscle (Ploutz-Snyder
et al., 1995).

Figure 2.5. Sample ultrasound image of the vastus lateralis (VL). The
yellow line illustrates VL muscle thickness.
Figure 2.5 is not available in this version of the Thesis

2.2.3.3 Passive muscle stiffness
VL passive muscle stiffness was measured non-invasively using a MyotonPRO device
(MyotonPro, Myoton AS, Estonia). The testing end of the device was applied to the skin perpendicular to
the VL (15 cm superior to ultrasound site) with a constant force (0.18 N) that pre-compressed the
subcutaneous tissues. The device then applied a brief mechanical impulse (15 ms) that deformed the
underlying tissues. A tri-axial accelerometer then recorded the dampening frequencies which was used to
calculate tissue parameters (Bailey et al., 2013). Changes in passive muscle stiffness after the warm-up
were believed to provide an indication of exercise-induced fluid shifts (i.e. increased muscle water or
blood content) into the working muscle (Ploutz-Snyder et al., 1995) as longitudinal tension has been shown
to increase with increased muscle fluid content (Edman et al., 1977) due to the fixed-end geometry of
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human skeletal muscle (Sleboda et al., 2017; Sleboda et al., 2019). Three measurements were taken at
each test, the mean, standard deviation and coefficient of variation (CV%) were computed, with
measurements repeated when CV was greater than 3% (Hopkins, 2000). The mean of the three
measurements was recorded as passive muscle stiffness for each test.

2.2.4 Statistical analysis
The statistical procedures were completed as described in Experiment 1, except to compare
changes in THb, VL muscle thickness and VL passive stiffness over time (pre and post-TP, and 1, 5 and
9 min post-CA) and between conditions (CA60 vs. CA300). Likewise, relationships between these
variables were also quantified as described in Experiment 1 (Bland et al., 1995). Statistical analyses were
performed using SPSS version 24.0 (SPSS Inc., Chicago IL, USA). All data are reported as mean ± SD.
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3.0 RESULTS
Experiment 1: Neuromuscular- and temperature-dependent factors
influencing muscle force after warm-up

3.1.1 Peak voluntary knee extensor torque (T180)
Significant interaction (F(4, 72) = 8.03, p < 0.001) and time (F(4, 72) = 6.79, p < 0.001), but no
condition (F(1, 18) = 0.01, p = 0.923), effects were observed for T180. In CA300 (time effect F(4, 72) = 11.21,
p < 0.001) an increase in T180 was observed 1 (11.9 ± 8.4%; p < 0.001), 5 (10.7 ± 11.6%; p = 0.019) and
9 (9.5 ± 10.5%; p = 0.017) min post-CA compared to baseline (see bottom panel, Figure 3.1A). For CA60
(F(4, 72) = 4.76, p = 0.005), T180 increased from baseline to at 9 min post-CA only (5.9 ± 7.7%; p = 0.05;
see top panel, Figure 3.1A). The relative changes in T180 from baseline to post-TP were not significantly
different between conditions (CA60: 6.2 ± 8.5% vs. CA300: 8.4 ± 8.0%; t(18) = 1.16, p = 0.261). T180 did
not increase further at any post-CA test in CA300 (1-3%; ns.) compared to post-TP, whereas T180
decreased significantly at 1 min post-CA (-7.0 ± 8.6%; p = 0.05) and did not recover until 9 min post-CA
(~0.5%, ns.) in CA60 (see top panel, Figure 3.1B). The relative change in T180 from post-TP to 1 min
post-CA was significantly different between conditions (CA60: -7.0 ± 8.6% vs. CA300: +3.4 ± 6.7%; t(18)
= -4.17, p = 0.001).
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Figure 3.1. (A) Relative changes in T180 from baseline (pre-TP) to after task practice (post-TP) and 1, 5
and 9 min (1, 5 & 9 min post-CA) in CA60 (top panel) and CA300 (bottom panel). After an increase in
T180 at post-TP (both top and bottom panels), a decrease in T180 was observed 1 min after CA60, while
T180 remained elevated compared to baseline in CA300. (B) Relative change in T180 after the CA at 1,
5 and 9 min post-CA in CA60 (top panel) and CA300 (bottom panel). T180 did not increase further at any
time point in CA300 (~1-3%), while T180 decreased from post-TP to 1 min post-CA in CA60. * p < 0.05,
** p < 0.01, # significantly different to CA300.

Complete task-specific practice
On average, participants required 4.6 ± 0.9 repetitions to produce less than 2% difference in peak
voluntary knee extensor torque in three consecutive knee extensions. The mean difference between
conditions was not statistically significant (CA60: 4.9 ± 1.1 repetitions vs. CA300: 4.4 ± 1.2 repetitions,
t(18) = 1.56, p = 0.135, see Figure 3.2).
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Figure 3.2. Number of repetitions
to achieve <2% difference in peak
knee extensor torque in three
consecutive contractions during
task-specific practice.

Peak torque decline (fatigue)
There was no significant change in peak torque across the repetitions in CA60 (-0.4 ± 9.8%, t(18)
= 0.57, p = 0.578) or CA300 (3.1 ± 12.8%, t(18) = 0.97, p = 0.345), thus indicating that the CAs did not
induce any fatigue-mediated reductions in peak torque in this research (see Figure 3.3).

Figure 3.3. (A) Change in peak knee extensor torque from repetitions 1-2 to repetitions 4-5 in CA60. (B)
Change in peak knee extensor torque from repetitions 1-3 to repetitions 23-25 in CA300.

Total work
Total work done was calculated for a sub-set of the sample (n = 10). There was a significantly
greater amount of total work done in CA300 compared to CA60 (CA300: 1854.1 ± 572.4 J vs. CA60:
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785.8 ± 222.9 J, t(9) = 8.24, p < 0.001, see Figure 3.4).

Figure 3.4. Total work
done in CA60 and
CA300 for a sub-set of
the sample (n = 10)

3.1.2 Peak twitch torque (Ttw,peak)
Significant interaction (F(3.37, 60.69) = 3.65, p = 0.014) and time (F(2.94, 52.96) = 29.67, p < 0.001), but
not condition (F(1, 18) = 2.28, p = 0.148) effects were observed for Ttw,peak. In CA300 (F(3.28, 59.10) = 21.71, p
= 0.001), a significant increase in Ttw,peak was detected at post-TP (16.0 ± 7.2%; p < 0.001) and 1 (17.9 ±
10.4%; p < 0.001), 5 (14.2 ± 8.8%; p < 0.001) and 9 (9.1 ± 10.4%; p = 0.014) min post-CA compared to
baseline (see bottom panel, Figure 3.5). Also, in CA60 (F(2.89, 51.95) = 21.89, p < 0.001) significant increases
in Ttw,peak were detected at post-TP (13.5 ± 9.1%; p < 0.001) and 1 (14.0 ± 9.3%; p < 0.001), 5 (12.0 ±
5.6%; p < 0.001) and 9 (12.5 ± 6.4%; p = 0.014) min post-CA compared to baseline (see top panel, Figure
3.5). Ttw,peak did not increase further at any time point after the CAs (compared to post-TP) in either
condition (<1%).
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Figure 3.5. Relative change in peak
twitch torque (Ttw,peak) from baseline
(pre-TP) to after task practice (postTP) and 1, 5 and 9 min (1, 5 & 9 min
post-CA) after both CA60 (top panel)
and CA300 (bottom panel). An
increase in Ttw,peak after task-practice
was observed for both conditions
(both top and bottom panels) and was
maintained at 1, 5 and 9 min after the
CAs. * p < 0.05, ** p < 0.01.

3.1.3 Tetanic torques

3.1.3.1 T20 Hz
No significant interaction (F(4, 72) = 0.33, p = 0.856), time (F(4, 72) = 1.09, p = 0.368) or condition
(F(1, 18) = 0.56, p = 0.465) effects were observed for T20 Hz (see Table 3.1).

3.1.3.2 Peak Variable-frequency train (VFT) tetanic torque
Significant time (F(4, 72) = 5.94, p < 0.001), but not interaction (F(4, 72) = 0.63, p = 0.64) or condition
(F(1, 18) = 0.56, p = 0.465) effects were observed for VFT torque. In CA300 (F(4, 72) = 6.00, p < 0.001), a
significant decrease in VFT torque at 9 min post-CA compared to post-TP (-8.3 ± 10.4%; p = 0.041) was
observed (see Table 3.1). No time effect was observed in CA60 (F(4, 72) = 1.94, p = 0.114) (see Table 3.1).
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3.1.3.3 T80 Hz
Significant time (F(4, 72) = 7.92, p < 0.001), but not interaction (F(4, 72) = 1.19, p = 0.324) or
condition (F(1, 18) = 1.45, p = 0.244) effects were observed for T80 Hz. In CA300 (F(4, 72) = 6.90, p < 0.001),
a significant decrease in T80 Hz at 1 (-12.1 ± 12.2%; p = 0.008) and 5 (-12.1 ± 13.5%; p = 0.023) min
post-CA compared to baseline was observed (see Table 3.1). In CA60 (F(4, 72) = 3.87, p = 0.007), a
significant decrease in T80 Hz at 1 min post-CA was observed when compared to baseline (-8.1 ± 10.0%;
p = 0.007) and post-TP (-5.6 ± 6.1%; p = 0.007), respectively (see Table 3.1).

3.1.3.4 VFT:20 ratio
Significant time (F(4, 72) = 11.30, p < 0.001), but not interaction (F(2.67, 48.06) = 1.12, p = 0.353) or
condition (F(1, 18) = 0.01, p = 0.969) effects were observed for the VFT:20 ratio. In CA300 (F(4, 72) = 7.62,
p < 0.001), a significant decrease in VFT:20 ratio at 5 (-23.7 ± 150.7%, p = 0.047) and 9 (-67.8 ± 79.7%,
p = 0.049) min post-CA compared to baseline was observed (see Table 3.1). In CA60 (F(3.23, 58.58) = 6.82,
p < 0.001), a significant decrease in VFT:20 ratio at 1 (-92.2 ± 87.1%, p = 0.009) and 9 (-65.6 ± 112.5%,
p = 0.012) min post-CA compared to baseline (see Table 3.1). Additionally, the VFT:20 ratio was
significantly decreased at 9 min post-CA compared to post-TP (-124.5 ± 191.6%, p = 0.029).

3.1.3.4 20:80 ratio
Significant time (F(4, 72) = 9.92, p < 0.001), but not interaction (F(2.69, 48.46) = 1.00, p = 0.393) or
condition (F(1, 18) = 0.37, p = 0.551) effects were observed for the 20:80 ratio. In CA300 (F(4, 72) = 6.74, p
< 0.001), an increase in 20:80 ratio at post-TP (10.8 ± 13.5%; p = 0.01) and at 5 min post-CA (12.8 ±
20.6%; p = 0.01) compared to baseline was observed (see Table 3.1). In CA60 (F(4, 72) = 5.53, p < 0.001),
an increase in the 20:80 ratio at 1 (9.4 ± 9.9%; p = 0.009) and 9 (7.1 ± 9.0%; p = 0.029) min post-CA was
observed compared to baseline (see Table 3.1).
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Table 3.1. Electrically-evoked knee extensor torque data

Ttw,peak
(Nm)
T20 Hz
(Nm)
VFT (Nm)

T80 Hz
(Nm)
VFT:20
ratio
20:80 ratio

PRE-TP

POST-TP

1 MIN
POST-CA

5 MIN
POST-CA

9 MIN
POST-CA

CA60

35.5 ± 7.9

40 ± 8.3*

40.4 ± 9*

39.6 ± 8.5*

39.9 ± 9.1*

CA300

33.9 ± 6.7

39.9 ± 8.2*

40.1 ± 9.1*

38.7 ± 8*

37 ± 8.3*

CA60

54.2 ± 15.6

55.5 ± 19.5

54.4 ± 19.5

54.2 ± 16.5

53.3 ± 16.5

CA300

57.1 ± 18.2

57.9 ± 18.3

55.5 ± 18

55.4 ± 18

54.4 ± 17.8

CA60

57.3 ± 15.8

57.1 ± 19.1

55 ± 19

54.8 ± 15.9

53.7 ± 16.8

CA300

60.6 ± 16.5

59 ± 17.3

56.4 ± 17.9

55.6 ± 17.4

54.1 ± 17**

90.1 ± 25.4

88.3 ± 27.8

84.7 ± 22.6

83.3 ± 24.1

97.9 ± 23.2

91.3 ± 25.8

82.7 ± 25.3*
**
86.8 ± 26.9*

86.4 ± 26.3*

87.2 ± 27.6

6.45 ± 5.05

4.54 ± 6.13

1.15 ± 4.91*

1.48 ± 6.31

0.70 ± 5.97*
**

CA300

8.13 ± 9.77

2.66 ± 6.25

2.13 ± 4.73

1.09 ± 4.90*

0.15 ± 6.24*

CA60

0.60 ± 0.06

0.63 ± 0.07

0.65 ± 0.08*

0.64 ± 0.07

0.64 ± 0.07*

CA60
CA300
CA60

0.58 ± 0.10
0.63 ± 0.09*
0.64 ± 0.09
0.64 ± 0.08*
0.62 ± 0.08
CA300
Values are mean ± SD. Ttw,peak (peak twitch torque evoked by femoral nerve stimulation); T20 Hz, VFT
and T80 Hz (peak tetanic torque evoked by transcutaneous electrical stimulation); and, VFT:20 ratio and
20:80 ratio (ratio of torques evoked by the (i) VFT and 20 Hz, and the (ii) 20 Hz and 80 Hz tetanic
stimulations, respectively). *significant difference from PRE-TP (p < 0.05), **significant difference from
POST-TP (p < 0.05).

3.1.4 Muscle temperature (Tm)
Significant interaction (F(4, 72) = 3.42, p = 0.013), time (F(4, 72) = 216.55, p < 0.001), but not
condition (F(1, 18) = 3.34, p = 0.084) effects were observed for Tm. In CA300 (F(4, 72) = 142.88, p < 0.001),
a significant increase in Tm at 1 (0.8°C; 2.1 ± 0.8%; p < 0.001), 5 (0.7°C; 2.0 ± 0.8%; p < 0.001) and 9
(0.7°C; 2.0 ± 0.8%; p < 0.001) min post-CA was observed compared to post-TP (see bottom panel, Figure
3.6A). In CA60 (F(4, 72) = 105.46, p < 0.001), a significant increase in Tm at 1 (0.5°C; 1.3 ± 0.6%; p <
0.001), 5 (0.5°C; 1.4 ± 0.9%; p < 0.001) and 9 (0.5°C; 1.5 ± 0.8%; p < 0.001) min post-CA was observed
compared to post-TP (see top panel, Figure 3.6B). The change in Tm from baseline to post-TP was not
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significantly different between conditions (CA60: 0.6°C; 1.6 ± 0.7% vs. CA300: 0.5°C; 1.2 ± 0.5%, t(19)
= 1.16, p = 0.261).

Figure 3.6. (A) Absolute change in muscle temperature (Tm) from baseline (pre-TP) to after task practice
(post-TP) and 1, 5 and 9 min (1, 5 & 9 min post-CA) after both CA60 (top panel) and CA300 (bottom
panel). (B) Absolute change in Tm from post-TP to 1, 5 and 9 min post-CA, after both CA60 (top panel)
and CA300 (bottom panel). Tm after CA300 appears to increase slightly more than after CA60 (~0.3°C).
* p < 0.05, ** p < 0.01, #no difference between conditions.

3.1.5 Muscle activity

3.1.5.1 Mmax amplitude (Mmax)
No significant interaction (F(4, 72) = 0.87, p = 0.485), time (F(2.69, 48.38) = 1.01, p = 0.409) or condition
(F(1, 18) = 0.16, p = 0.699) effects were observed for Mmax (see Table 3.2).

3.1.5.2 Peak VL EMG (EMGVL,T180 and EMGVL,T180/M)
Significant time (F(2.61, 47.02) = 4.55, p = 0.009), but not interaction (F(3.39, 61.06) = 1.01, p = 0.402)
or condition (F(1, 18) = 0.14, p = 0.716) effects were observed for EMGVL,T180. In CA300 (F(4, 72) = 1.89, p
= 0.121), no significant time effect was observed (see Table 3.2). In CA60 (F(3.49, 62.85) = 3.67, p = 0.013),
a significant time effect was observed, but EMGVL,T180 was not significantly different at any time point
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(see Table 3.2).
Significant time (F(4, 72) = 3.41, p = 0.037), but not interaction (F(3.06, 55.10) = 0.54, p = 0.711) or
condition (F(1, 18) = 0.09, p = 0.772) effects were observed for EMGVL,T180/M. No time effects observed for
both CA300 (F(3.06, 55.14) = 1.80, p = 0.157) or CA60 (F(3.13, 56.28) = 2.28, p = 0.087; see Table 3.2).

3.1.5.3 Mean VL EMG within 40 ms of contraction onset (EMGVL,40ms and EMGVL,40ms/M)
Significant time (F(4, 72) = 3.81, p = 0.007), but not interaction (F(4, 72) = 2.04, p = 0.097) or
condition (F(1, 18) = 1.76, p = 0.202) effects were observed for EMGVL,40ms. In CA300 (F(4, 72) = 2.55, p =
0.046), a significant increase in EMGVL,40ms from baseline to post-TP was observed (124.3 ± 198.3%; p =
0.042; see Table 3.2). In CA60 (F(2.56, 46.13) = 3.29, p = 0.035), EMGVL,40ms significantly decreased from
post-TP to 1 min post-CA compared to post-TP (-28.2 ± 44.6%, p = 0.022; see Table 3.2).
Significant time (F(2.58, 46.49) = 3.31, p = 0.015), but not interaction (F(4, 72) = 1.94, p = 0.114) or
condition (F(1, 18) = 1.75, p = 0.203) effects were observed for EMGVL,40ms/M. In CA300 (F(4, 72) = 2.57, p
= 0.045), EMGVL,40ms/M significantly increased from baseline to post-TP (116.4 ± 170.5%, p = 0.034; see
Table 3.2 or Figure 3.7). In CA60 (F(3.02, 54.40) = 2.47, p = 0.071), no time effects were observed (see Table
3.2).
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Table 3.2. Electromyography (EMG) data recorded during voluntary and electrically-evoked (Mmax)
knee extensions.

EMGVL,T180
(mV)

EMGVL,T180/M
(mV)

EMGVL,40ms
(mV)

CA60
CA300
CA60
CA300
CA60

PRETP

POST-TP

1 MIN
POST-CA

5 MIN
POST-CA

9 MIN
POST-CA

0.539 ±
0.204

0.570 ±
0.257

0.471 ±
0.263

0.465 ±
0.208

0.468 ±
0.211

0.552 ±
0.326
0.021 ±
0.007
0.021 ±
0.011
0.049 ±
0.038

0.534 ±
0.255
0.022 ±
0.011
0.021 ±
0.009
0.068 ±
0.034

0.527 ±
0.239
0.019 ±
0.011
0.021 ±
0.009
0.039 ±
0.021**

0.467 ±
0.206
0.018 ±
0.008
0.018 ±
0.007
0.057 ±
0.026

0.502 ±
0.259
0.018 ±
0.008
0.020 ±
0.010
0.055 ±
0.027

0.043 ±
0.077 ±
0.077 ±
0.067 ±
0.065 ±
0.020
0.043*
0.044
0.063
0.060
0.0019 ±
0.0026 ±
0.0016 ±
0.0022 ±
0.0021 ±
CA60
0.0015
0.0015
0.0009
0.0011
0.0011
EMGVL,40ms/M
(mV)
0.0017 ±
0.0030 ±
0.0030 ±
0.0026 ±
0.0025 ±
CA300
0.0007
0.0017*
0.0015
0.0022
0.0021
25.691 ±
26.998 ±
25.224 ±
26.593 ±
26.323 ±
CA60
3.158
3.082
3.939
3.805
3.373
Mmax (mV)
25.635 ±
25.903 ±
25.751 ±
26.351 ±
26.129 ±
CA300
2.875
3.217
3.540
3.628
4.195
Values are mean ± SD. EMGVL,T180 (peak VL root-mean-square (RMS) during T180); EMGVL,T180/M (peak
VL RMS during T180, normalised to Mmax amplitude); EMGVL,40ms (mean VL RMS within 40ms of signal
onset during T180); EMGVL,40ms/M (mean VL RMS within 40ms of signal onset during T180, normalised
to Mmax amplitude); Mmax (maximal M-wave amplitude recorded during supramaximal femoral nerve
stimulation). *significant difference from PRE-TP (p < 0.05), **significant difference from POST-TP (p
< 0.05).
CA300
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Figure 3.7. Mean VL EMG measured in the first 40 ms after contraction onset (EMGVL,40ms/M).
EMGVL,40ms/M decreased 1 min after CA60 (green line), while CA300 (red line) increased marginally (ns.).
Full data are presented in Table 3.2. Inset: Relative change in EMGVL,40ms/M from post-TP to 1, 5 and 9
min post-CA.

3.1.6 Relationships between voluntary muscle performance
neuromuscular- and temperature-dependent variables

enhancement

and

The strength of relationships between voluntary muscle performance (T180) and (i) Ttw,peak, (ii)
VFT:20 ratio, (iii) T80 Hz, (iv) Tm, (v) EMGVL,T180/M, (vi) EMGVL,40ms /M , and (vii) EMGVL,T180/M plus
Tm, were determined with a within-subject, repeated measures ANCOVA (as suggested by Bland et al.
(1995)) from which both the Pearson’s correlation coefficients (r) and multiple regression coefficients (r2)
were computed.
Ttw,peak was strongly correlated with T180 in CA300 (r = 0.53, p < 0.001), but only observed a
small correlation (r = 0.15, p = 0.189) in CA60 (see Table 3.3). Further, Ttw,peak could explain 27.7% of
the variance in T180 in CA300, but only 2.3% in CA60 (see Table 3.3).
The VFT:20 ratio was moderately correlated with T180 in CA300 (r = 0.32, p = 0.005), but not
in CA60 (r = 0.04, p = 0.735; see Table 3.3). However, the VFT:20 ratio could only explain 10 and <1%
of the variance in T180 in CA300 and CA60, respectively (see Table 3.3). T80 Hz was moderately
correlated with T180 in CA300 (r = 0.35, p = 0.002), but not in CA60 (r = 0.05, p = 0.655; see Table 3.3).
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However, T80 Hz could only explain 12 and <1% of the variance in T180 in CA300 and CA60,
respectively (see Table 3.3).
Tm was strongly correlated with T180 in CA300 (r = 0.63, p < 0.001), but not in CA60 (r = 0.04,
p = 0.761; see Table 3.3). Further, Tm could explain 40% of the variance in T180 in CA300, but <1% in
CA60 (see Table 3.3).
EMGVL,T180/M was moderately correlated with T180 in CA300 (r = 0.31, p = 0.007) and CA60 (r
= 0.38, p = 0.001) (see Table 3.3). Further, EMGVL,T180/M could explain 9.3 and 14.5% of the variance in
T180 in CA300 and CA60, respectively (see Table 3.3).
EMGVL,40ms /M was moderately correlated with T180 in CA300 (r = 0.30, p = 0.008) and CA60 (r
= 0.46, p < 0.001) in CA60 (see Table 3.3). Further, EMGVL,40ms /M could explain 9 and 21.2% of the
variance in T180 in CA300 and CA60, respectively (see Table 3.3).
EMGVL,T180/M and Tm were combined in a model because Tm observed the strongest relationship
with T180 (r = 0.63), but had little to no relationship in the CA60 condition (r = 0.04). Whereas, EMG
was the only variable that demonstrated moderate correlations with T180 for both CA300 (r = 0.31) and
CA60 (r = 0.38), therefore suggesting that EMG may play a role in mediating warm-up-induced
performance enhancements.
The EMGVL,T180/M and Tm model was strongly correlated with T180 in CA300 (r = 0.60, p <
0.001) and observed a moderate correlation with T180 in CA60 (r = 0.38, p = 0.004; see Table 3.3).
Further, EMGVL,T180/M and Tm could explain 36 and 15% of the variance in T180 in CA300 and CA60,
respectively (see Table 3.3).
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Table 3.3. Relationships between voluntary muscle performance (T180) enhancement and
neuromuscular- and temperature-dependent variables
r

r2

p

CA60

0.15

0.02

0.189

CA300

0.53*

0.28

< 0.001

CA60

0.04

< 0.01

0.735

CA300

0.32*

0.10

0.005

CA60

0.05

< 0.01

0.655

CA300

0.35*

0.12

0.002

CA60

0.04

< 0.01

0.761

CA300

0.63*

0.40

< 0.001

CA60

0.38#

0.15

0.001

CA300

0.31#

0.09

0.007

CA60

0.46#

0.21

< 0.001

CA300

0.30#

0.09

0.008

CA60

0.38#

0.15

0.004

Ttw,peak

VFT:20 ratio

T80 Hz

Tm
EMGVL,T180/M

EMGVL,40ms/M

EMGVL,T180/M + Tm

0.36
< 0.001
0.60#
CA300
2
Correlation coefficient (r), multiple regression coefficient (r ) and p-values presented. Each row represents
an individual comparison with T180 (knee extensor torque at 180°·s-1); Ttw,peak (peak twitch torque evoked
by femoral nerve stimulation); VFT:20 ratio (ratio of torques evoked by the VFT and 20 Hz tetanic
stimulations); T80 Hz (peak tetanic torque evoked by tetanic stimulation at 80 Hz); Tm (muscle
temperature); EMGVL,T180/M (peak VL EMG during T180, normalised to Mmax amplitude); EMGVL,40ms/M
(mean VL EMG within 40 ms of signal onset during T180, normalised to Mmax amplitude). *Only one
condition is significantly correlated with T180 (p < 0.05). #Both conditions are significantly correlated
with T180 (p < 0.05).
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Experiment 2: Exercise-induced muscle fluid shifts after maximal voluntary
contractions and the effects on passive muscle stiffness
3.2.1 Total haemoglobin concentration (THb)
Significant interaction (F(4, 72) = 5.09, p < 0.001), time (F(4, 72) = 42.43, p < 0.001), but not condition
(F(1, 18) = 0.78, p = 0.388) effects were observed for THb. In CA300 (F(4, 72) = 38.49, p < 0.001), a significant
increase in THb was observed at all time points compared to baseline (1-8 fold, all p < 0.001) and postTP (5-10 fold, all p < 0.05), respectively (see bottom panel, Figure 3.8). Further, THb was significantly
increased at 9 min post-CA compared to 5 min post-CA in CA300 (p = 0.001, see bottom panel, Figure
3.8). In CA60 (F(4, 72) = 23.41, p < 0.001), a significant increase in THb was observed at all time points
compared to baseline (1-3 fold, all p < 0.001) and post-TP (3-5 fold. all p < 0.05), respectively (see top
panel, Figure 3.8). Further, THb was significantly increased at 9 min post-CA compared to 1 (p = 0.017)
and 5 (p = 0.007) min post-CA (see top panel, Figure 3.8).

Figure
3.8.
Total
haemoglobin
concentration (THb) before task practice
(pre-TP), after task practice (post-TP) and 1,
5 and 9 min (1, 5 & 9 min post-CA) in CA60
(top panel) and CA300 (bottom panel). THb
increased after task practice (both top and
bottom panels, p < 0.001) and remained
elevated above baseline across all time
points (p < 0.001). THb also increased at 1,
5 and 9 min after CAs compared to post-TP
(both top and bottom panels, p < 0.05). No
test contractions were performed at the 1, 5
or 9 min post-CA tests, meaning there was a
delay in increased THb. * p < 0.05, ** p <
0.01, # p < 0.05 from post-TP.

3.2.2 Muscle thickness
Significant time (F(4, 72) = 3.59, p < 0.001), but not interaction (F(4, 72) = 0.62, p = 0.485)
or condition (F(1, 18) = 0.24, p = 0.631) effects were observed for VL muscle thickness. In CA300
46

(F(4, 72) = 3.47, p = 0.012), a significant time effect was observed, but VL muscle thickness was
not different at any time point (see bottom panel, Figure 3.9). In CA60 (F(4, 72) = 6.37, p < 0.001),
VL muscle thickness increased from post-TP to 1 (0.05 cm; 1.8 ± 2.1%; p = 0.017), 5 (0.07 cm;
2.4 ± 1.8%; p < 0.001) and 9 (0.05 cm; 1.8 ± 2.3%; p = 0.039) min post-CA (see top panel, Figure
3.9).

Figure 3.9. Relative change in VL muscle

thickness from after task practice (post-TP) to
1, 5 and 9 min (1, 5 & 9 min post-CA) in CA60
(top panel) and CA300 (bottom panel). VL
muscle thickness did not increase after CA300
(bottom panel; ~1%), but did increase at 1, 5
and 9 min post-CA in CA60. * p < 0.05, ** p
< 0.01.

3.2.3 Passive muscle stiffness
Significant time (F(4, 72) = 11.95, p < 0.001), but not interaction (F(4, 72) = 0.89, p = 0.887) or
condition (F(1, 18) = 1.71, p = 0.208) effects were observed for VL passive muscle stiffness. In CA300 (F(4,
72)

= 7.23, p < 0.001), a significant increase in passive muscle stiffness at 1 min post-CA was observed

compared to baseline (3.8 ± 5.0%; p = 0.027; see bottom panel, Figure 3.10). In CA60 (F(4, 72) = 2.58, p =
0.044), a significant time effect was observed, but passive muscle stiffness was not different at any time
point (see top panel, Figure 3.10).
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Figure 3.10. Relative change in VL
passive muscle stiffness from baseline
(pre-TP) to after task practice (post-TP)
and 1, 5 and 9 min (1, 5 & 9 min postCA) after CA60 (top panel) and CA300
(bottom panel). Passive muscle stiffness
did not increase at any time point in
CA60 (top panel; ~2-3%), but did
increase 1 min after CA300 (bottom
panel; ~2-4%). * p < 0.05, ** p < 0.01.

3.2.4 Relationships between changes in exercise-induced muscle fluid shifts, muscle
thickness and passive muscle stiffness
The strength of relationships between (i) THb, (ii) VL muscle thickness, and (iii) VL passive
muscle stiffness were determined with a within-subject, repeated measures ANCOVA (as suggested by
Bland et al. (1995)) that computed both the Pearson’s correlation coefficients (r) and multiple regression
coefficients (r2).
THb was moderately correlated with VL muscle thickness in both CA300 (r = 0.34, p = 0.003)
and CA60 (r = 0.31, p = 0.006) (see Table 3.4). Further, THb could explain 11.4% of the variance in VL
muscle thickness in CA300, but <1% of the variance in CA60 (see Table 3.4).
THb was moderately correlated with passive muscle stiffness in CA300 (r = 0.48, p < 0.001), but
only observed a small correlation in CA60 (r = 0.23, p = 0.044) (see Table 3.4). Further, THb could explain
22.7% of the variance in VL passive muscle stiffness in CA300, but only 5.3% of the variance in CA60
(see Table 3.4).
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VL muscle thickness showed a small-moderate correlation with VL passive muscle stiffness in
CA300 (r = 0.28, p = 0.013), but not in CA60 (r = 0.01, p = 0.961) (see Table 3.4). Further, VL muscle
thickness could only explain 7.9% of the variance in VL passive muscle stiffness in CA300, but only <1%
in CA60 (<1%) (see Table 3.4).

Table 3.4. Relationships between changes in (i) total haemoglobin concentration (THb), (ii) VL muscle
thickness, and (iii) VL passive muscle stiffness

THb vs. muscle thickness

THb vs. passive muscle stiffness

r

r2

p

CA60

0.31#

0.10

0.006

CA300

0.34#

0.11

0.003

CA60

0.23#

0.05

0.044

CA300

0.48#

0.23

< 0.001

CA60

< 0.01

< 0.01

0.961

muscle thickness vs. passive muscle stiffness
0.28*
0.08
0.013
CA300
2
Correlation coefficient (r), multiple regression coefficient (r ) and p-values presented. Each row represents
an individual comparison: (i) THb vs. VL muscle thickness; (ii) THb vs. VL passive muscle stiffness; and
(iii) VL muscle thickness vs. VL passive muscle stiffness. *Only one condition is significantly correlated
with T180 (p < 0.05). #Both conditions are significantly correlated with T180 (p < 0.05).
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4.0 DISCUSSION
4.1 General overview & outline
The primary aim of the present research was to assess the magnitude and time course of changes
in voluntary dynamic knee extension torque after a comprehensive, high-intensity warm-up routine that
included both extensive task-specific and brief, intense warm-up exercise (i.e. a conditioning activity;
CA). The secondary aim was to determine the temporal responses of mechanisms proposed to explain
improvements in voluntary performance. Together, these aims will identify the important relationships
between mechanisms and voluntary performance enhancement, and thus provide valuable information
relating to the optimisation of warm-up protocols. To allow for the conduct of numerous tests the study
was conducted as two separate experiments, with only some subjects performing both experiments. The
results of both experiments are discussed as a single study below.

4.2 Voluntary knee extensor torque (T180)
The peak voluntary isokinetic knee extensor torque developed at a joint angular velocity of 180°·s1

(T180) reached a maximum enhancement of ~12% and ~5% in CA300 and CA60 (at different times

within the protocol, see Figure 3.1A), which is equivalent to, or slightly greater than, that observed in
other similar studies (3-8%; (Chaouachi et al., 2011; Fukutani et al., 2013; Seitz, Trajano, et al., 2014)).
In CA300 (i.e. the conditioning activity comprised 25 repetitions at 300°·s-1), T180 was enhanced by task
practice (i.e. baseline to post-TP; 8.4 ± 8.0%), then peaked 1 min post-CA (11.9 ± 8.4%) and remained
elevated to the final 9-min testing point (9.5 ± 10.5%). The finding of enhancement in T180 after
completion of a CA performed at a faster velocity (and hence lower force) than the test is consistent with
previous studies (e.g. increases of 5.5% and 3% in Chaouachi et al. (2011) and Seitz, Trajano, et al. (2014),
respectively). Such data indicate that ‘over-speed’ warm-up activities can substantially improve dynamic
torque production even when performed after task practice. However, a significant improvement in torque
compared to post-TP was not observed in the first minutes after the CA in this study, with peak
improvements occurring between 1 and 5 min (1-3%, ns.). It is not immediately clear why the temporal
response observed in the current study differed to previous research (Gouvêa et al., 2013; Wilson et al.,
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2013), however the task practice provided after the baseline testing triggered a significant performance
enhancement, and the ensuing CA might then have provided only a small, but detectible, additional
benefit. That is, task practice was largely sufficient to enhance performance and the CA had only a small
additional effect. Regardless, the sequential completion of both specific task practice and a high-intensity
exercise bout evoked a significant performance enhancement that was observable early after the CA and
continued as long as the testing was done, which is different to the time course presented in previous
studies where significant enhancements occurred only later (e.g. 6-12 min). In those studies, task practice
was not given and the force-velocity or movement pattern characteristics of the CA were different to the
test (Bevan et al., 2010; Gilbert et al., 2005; Kilduff et al., 2007; Kilduff et al., 2008; Seitz, Trajano, et al.,
2014). By contrast, a significant reduction in T180 was observed when CA60 was performed after task
practice, with torque recovery (peak enhancement ~5% above baseline) not detected until 9 min post-TP
(see Figure 3.1B). This temporal response is consistent with the peak enhancement being observed 6-12
min post-CA in previous studies (see the Wilson et al. (2013) and Gouvêa et al. (2013) meta-analyses for
examples). Further, the finding that T180 measured at baseline and in the first minutes post-CA were
similar (~1%, see Figure 3.1A) is consistent with the delayed enhancement reported in previous studies
(Bevan et al., 2010; Gilbert et al., 2005; Kilduff et al., 2007; Kilduff et al., 2008; Seitz, Trajano, et al.,
2014). However, the inclusion of a post-TP test in the current study reveals that the performances in the
minutes after CA represent a significant decrease in performance, rather than a lack of effect as concluded
previously (Ebben et al., 2000; Gossen et al., 2000; Jensen et al., 2003). The current evidence therefore
suggests that changes resulting either in fatigue or motor pattern interference (perseveration) were induced
by the slow-speed (higher force) CA (Behm et al., 2004; Carroll et al., 2016), and thus that this CA was
detrimental to performance when imposed after task practice. Interestingly, there was no significant
decline in peak torque during the CAs for either condition (CA60: -0.4 ± 9.8%, t = 0.57, p = 0.578 vs.
CA300: 3.1 ± 12.8%, t(18) = 0.97, p = 0.345); see Figure 3.3), which suggests that the CAs did not induce
sufficient fatigue to observe a decrease in peak knee extensor torque. Whatever the cause of the
performance detriment, recovery was not detected until the 9 min time point and was still of lesser
magnitude than the peak (~12%) observed in CA300. Based on these data, it appears that the slower-speed
(higher-force) CA triggered a substantial performance loss when compared to task practice or the effects
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of the faster-speed (lower-force) CA; such CAs would not be recommended as part of an exercise
preparation routine.

4.3 Twitch torque (Ttw,peak)
Post-activation potentiation (PAP), an enhancement of force production observed particularly in
fast-twitch fibres at sub-maximal levels of activation, is observed after a previous intense muscle
contraction and has previously been considered to explain post-CA performance enhancements (Sale,
2002). PAP is usually estimated in vivo in human skeletal muscle as the change in peak muscle twitch
force (Ttw,peak) evoked by a single, brief electrical stimulus applied to a motor nerve (Baudry et al., 2007;
Tomaras et al., 2011). In the present research, an increase in Ttw,peak was observed at post-TP in both
conditions and remained elevated when measured at all time points post-CA (see Figure 3.5). Thus, PAP
was readily evoked, but not appreciably influenced by further contractile activity. A rapid induction of
PAP with a small volume of contractile work is consistently observed in human muscles (Folland et al.,
2008; Gossen et al., 2000; Hamada et al., 2000; Seitz, Trajano, et al., 2014; Vandervoort et al., 1983) and
suggests that a large amount of work is not required for PAP to be evoked. Such findings are consistent
with the hypothesis that the potentiated state is probably the default operating state of fast-twitch muscle
fibres in vivo (Brown et al., 1998) and that standard pre-exercise warm-ups should be sufficient to provoke
PAP. Of interest was that while Ttw,peak has been shown to decrease rapidly after the completion of a CA
(e.g. half-life of ~28 s; Vandervoort et al. (1983)), it remained elevated to the 9-min test point in the present
research in both conditions. This might be explained by the relatively large number of muscle contractions
performed at each time point, which would have maintained phosphorylation of the MRLC and thus
maintained Ttw,peak. The temporal change in Ttw,peak mirrored that of T180 in CA300, suggesting a possible
explanatory effect (within-subject correlation: r = 0.53, see Figures 3.1 and 3.5, and Table 3.3), however
it did not change in line with T180 in CA60 and could not explain the post-CA decrease in T180 (withinsubject correlation: r = 0.15, p = 0.189; see Figures 3.1 and 3.5, and Table 3.3). This mismatch is not
uncommon since twitch enhancement has been observed without voluntary enhancement (Gossen et al.,
2000), voluntary enhancement has been observed without twitch enhancement (Thomas et al., 2017), and
increased myosin phosphorylation has been observed without concomitant increased in voluntary force
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production (Smith et al., 2007) in previous studies. Thus, while the possibility exists that PAP partly
contributed to the increase in T180 in CA300, it was not sufficient to prevent the decrease in T180 in
CA60. Other mechanisms must therefore be considered.

4.4 Calcium sensitivity
In addition to PAP, other factors can influence Ca2+ sensitivity of skeletal muscle and might thus
have enhanced T180. Neuromuscular electrical stimulation (NMES) techniques were therefore used to test
muscle force (joint torque) responses under the hypothesis that torque produced during a low-frequency
(i.e. submaximal) burst of stimulation would be increased when the first pulses were delivered with a
shorter inter-pulse interval (higher frequency; 300 Hz) if Ca2+ sensitivity is not already at maximum. It
was found that the ratio of torques produced by variable and constant-frequency trains (VFT:20 ratio)
decreased after task practice, then decreased further post-CA and remained low during the post-CA period
(see Table 3.1). This may be interpreted as evidence of a sub-maximal Ca2+ sensitivity at baseline,
enhanced sensitivity after task practice, a further increase after the CA, and retention thereafter. This
temporal response is similar to that of Ttw,peak, possibly suggesting that phosphorylation of MRLC was the
key driver of changes in Ca2+ sensitivity – no other changes appeared to appreciably increase or decrease
Ca2+ sensitivity. Thus, factors that might negatively affect Ca2+ sensitivity (e.g. increases in muscle pH or
temperature, see MacIntosh (2003)) probably did not underpin the performance loss induced by CA60, or
its subsequent recovery.

4.5 Muscle temperature (Tm)
An increase in muscle temperature (Tm) is another key mechanism that might explain the
performance enhancements measured after both task practice and the CAs. In tasks that require the
production of high levels of muscle force in rapid, dynamic activities such as jumping and sprint cycling,
for example, mechanical power increases of 3.6%/°C (Pacheco (1957); countermovement jump) and
5.1%/°C (Binkhorst et al. (1977); handgrip exercise) have been reported. This effect is velocity-dependent,
as evidenced by the 2%/°C increase in isokinetic sprint cycling power observed at a cadence of 54 rpm
versus the 11%/°C observed at 140 rpm (Sargeant, 1987). In the present study, increases in Tm of 0.4 ±
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0.2°C and 0.6 ± 0.3°C were observed after task practice in CA300 and CA60, respectively, while Tm
increased further from post-TP to all post-CA tests (0.7-0.8°C and 0.5°C in CA300 and CA60,
respectively), meaning Tm is 1.2°C and 1.1°C greater than baseline at all post-CA tests. These temperature
increases might conceivably explain much of the increase in T180, assuming that the maximum
performance enhancement of 12% (observed in CA300) might possibly occur with a Tm increase of <2°C;
it would be of interest to determine the exact temperature required to enhance T180 by 12% in a future
study. Of further interest is that changes in T180 were moderately associated with changes in Tm across
the data collection period, as evidenced by the within-subject correlation of 0.63 (see Table 3.3).
Nonetheless, the decrease in T180 observed post-CA in CA60 cannot be explained by changes in Tm (r =
0.04), so other factors must have influenced knee extension performance.

4.6 Exercise-induced muscle fluid shifts
Post-activity increases in muscle metabolism trigger both an increase in blood flow to the muscle
and the subsequent translocation of water molecules into the muscle fibres through both osmotic (PloutzSnyder et al., 1995; Prior et al., 2001) and hydrostatic (Collins et al., 1986; Convertino et al., 1981)
mechanisms. The increase in water within fibres is important and has been shown to increase muscle fibre
force (Edman et al., 1968; Gordon et al., 1970), even at high shortening velocities (Edman et al., 1977;
Edman et al., 1968; Sugi et al., 2015; Thames et al., 1974), possibly via an increase in cross-bridge-specific
force (Bressler, 1977; Edman et al., 1968; Fink et al., 1986; Sugi et al., 2015; Wang et al., 2015) as a result
of the prolongation of the working stroke (Sugi et al., 2015). Of note, this effect shows the same fibre type
dependence as both PAP (Prior et al., 2001) and the voluntary performance enhancements of warm-up
(Seitz, Trajano, et al., 2014). In the present study, muscle fibre water content was not directly measured.
However, increases in indirect markers of both blood flow and muscle water, including THb
(CA300: 6-10 fold vs. CA60: 3-5 fold, after CAs; see Figure 3.8), VL muscle thickness (CA300: 0.6-1.2%
vs. CA60: 1.8-2.4%, after CAs; see Figure 3.9), and VL passive muscle stiffness (CA300: 1.3-2.7% vs.
CA60: 0.8-1.5%, after CAs; see Figure 3.10) were observed. In particular, changes in passive muscle
stiffness might be highly sensitive to changes in muscle water content since muscle water content is closely
associated with passive muscle tension (Bennett, 1984; Sleboda et al., 2019). With respect to the present
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research, changes in passive muscle stiffness were correlated with changes in THb (within-subject
correlation, CA60: r = 0.23, p = 0.044 vs. CA300: r = 0.48, p < 0.001). The present data support the
hypothesis that increased muscle water may contribute to the enhancement of voluntary muscle
performance after a warm-up, however, this remains speculative until future research conducts this
research with direct measurements (i.e. t2-MRI, blood samples, etc.). Despite this, these changes cannot
explain the post-CA decrease in T180 in CA60.

4.7 Peripheral fatigue (E-C Coupling)
Whilst the increase in T180 after both task practice and the CAs might be explained by one or
more factors, including the induction of PAP and increases in Tm and water content, changes in these
factors do not immediately explain the decrease in T180 observed post-CA in CA60. Speculatively, this
result might be explained by a CA-induced muscle fatigue affecting voluntary force production. Fatigue
is the most commonly cited mechanism for the delayed enhancement in peak voluntary performance after
a CA (Behm et al., 2004). Peripheral fatigue in vivo was measured using tetanic stimulations with different
frequencies (Martin et al., 2004; Millet et al., 2011). Whilst the 20:80 ratio increased (7-12%) in both
conditions, which is consistent with a PAP response (Sale, 2002), this resulted from small (5-10%)
reductions in T80 Hz without change in T20 Hz. However, the reduction in T80 Hz occurred immediately
post-CA and remained low through the duration of the experiment. It was also observed after the CAs in
both conditions, and was not unique to CA60; thus, its change was not temporally aligned with, or specific
to, the change in T180 in CA60. Additionally, as described above, the VFT:20 ratio data suggest that Ca2+
sensitivity was elevated at times when T80 Hz was reduced (see Table 3.1). Importantly, forces produced
during high-frequency tetanic stimulations have been found to decrease with increasing Tm above about
34°C (Bennett, 1984; Sunano et al., 1981). Therefore, the ongoing depression in tetanic torque production
might have resulted from the increase in Tm to 36-38°C. Therefore, whilst some decrease in tetanic torque
was detected, the time course of the depression was not similar to the change in T180 in CA60 (or CA300)
and it might have feasibly resulted from the increase in Tm. The lack of a strong fatigue effect makes sense
in the context that recovery from a short series of intense muscle contractions is typically rapid (Carroll et
al., 2016; Matuszak et al., 2003; Weir et al., 1994). In support of the lack of a strong fatigue effect, there
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was no significant decline in peak torque across the repetitions in either condition (see Figure 3.3 and
section 4.2), thus indicating that the CAs did not induce any fatigue-mediated reductions in peak torque
in this present research. Therefore, other mechanisms might more strongly influence the force depression
after conditioning in CA60.

4.8 Muscle activation
Increased voluntary drive to the muscle after high-intensity muscle contractions has been
proposed as a potential mechanism explaining voluntary performance enhancement after a warm-up
(Güllich et al., 1996). In the present research, EMGVL,T180/M increased by 1.6 ± 28.1 and 3.5 ± 40.1% after
task practice for CA300 and CA60, respectively (see Table 3.2), thus indicating a ‘learning’ effect after
task practice (MacIntosh et al., 2012; Mina et al., 2019), that is, extensive task-specific practice induced
self-organisation of the motor pattern, resulting in greater agonist EMG amplitude, and then ultimately
provoking an enhancement of voluntary muscle performance. EMGVL,T180/M increased from post-TP to 1
min post-CA in CA300 (6.5 ± 38.0%; see Table 3.2), but decreased during the same time in CA60 (-7.8 ±
40.9%; see Table 3.2). Further, EMGVL,T180/M was moderately correlated with T180 in both CA60 (r =
0.38) and CA300 (r = 0.31; see Table 3.3). Cumulatively, these data indicate that changes in T180 in both
CA conditions might have been influenced by changes in neural drive to the muscle. The data are
somewhat unique in that the majority of studies have not detected changes in EMG activity after
conditioning contractions (Baudry et al., 2007; Fukutani et al., 2014; Mina et al., 2014; Seitz, Trajano, et
al., 2014), although some changes have been observed previously (Girard et al., 2009; Hough et al., 2009;
Mina et al., 2019). Given that fatigue was most probably minimal (Matuszak et al., 2003; Weir et al.,
1994), and therefore the decrease in EMG in CA60 is unlikely to reflect ‘central fatigue’, the possibility
can be considered that the CA induced a motor pattern interference effect (i.e. perseveration effect; Kay
et al. (2009) and Blazevich et al. (2019)). Such effects have been observed in concentric force production
after a series of non-fatiguing isometric contractions (Kay et al., 2009), as well as in isometric knee
extensor RFD (Gilbert et al., 2005) and CMJ height (Gilbert et al., 2005; Kilduff et al., 2007) after heavy
back squats.

56

In addition to the changes in EMGVL,T180/M, changes were also observed in the EMG measured
very early after the onset of contraction in the present study (EMGVL,40ms/M). Muscle activity in this early
period of activity (e.g. within 35-40 ms) is strongly related to the muscle’s explosive force capacity (Del
Vecchio et al., 2019), and reflects the rapid early recruitment and high firing rates of motoneurones (Del
Vecchio et al., 2019; Duchateau et al., 2014; Miller et al., 1981). In the present research, EMGVL,40ms/M
increased by 116.4 ± 170.5 and 68.9 ± 105.7% after task practice in CA300 and CA60, respectively,
indicating an improved ability to rapidly activate the knee extensors. While EMGVL,40ms/M did not increase
further and remained relatively high after the CA in CA300, it significantly decreased 1 min after CA60
(-22.0 ± 48.2%, compared to post-TP) and only recovered above baseline values later (at 5 and 9 min; see
Figure 3.7). Thus, the EMG amplitude in the first 40 ms after contraction onset tended to change with a
similar temporal pattern to T180 in both CA300 (r = 0.30, p = 0.008; see Table 3.3) and CA60 (r = 0.46,
p < 0.001; see Table 3.3). Thus, changes in both the peak, and especially early-phase, EMG amplitudes
might explain the loss of torque production immediately after CA60, as well as increases in T180 in both
CA300 and CA60 at other time points. Together, the EMG data collected in the present research suggest
that task practice may improve dynamic muscle function by increasing muscle activation rate and
magnitude, but some CAs might interfere with the movement pattern, and thus mask the positive effect
that might otherwise have been realised. This effect appears to be strong, because it also negated the
positive effects of increases in Tm and (speculatively) muscle fluid accumulation. The prospect that CAs
with specific force-time or movement pattern characteristics might negatively affect performance even
when other force-enhancing mechanisms are evoked should be more explicitly tested in the future.

5.0 Delimitations
It is important to highlight the delimitations associated with the present research to (i) ensure
transparency of findings, and (ii) guide future research on this topic. The delimitations of the present
research are detailed below.
No control condition was included in the present research, meaning we could not control for Tm,
nutrition or hydration strategies or compounding measurement error associated with repeated
measurements. However, it should be noted that this present research attempted to control for Tm by

57

passively heating the muscle as recommended by (MacIntosh et al., 2012), however, this data was not
included in the thesis due to the extreme localisation of the passive heating protocol, meaning comparisons
could not be made with the active warm-up. Nevertheless, this is an important delimitation to consider for
future research.
No direct measurements of muscle fluid (i.e. T2 MRI) were taken in the present research.
Therefore, future research should repeat this work, but with direct measurements of muscle fluid. Until
then, these findings are speculative.
No measurement of antagonist (knee flexor) EMG was recorded in the present research. It is
possible that antagonist EMG could have observed a learning-mediated change associated with extensive
task-practice, thus providing further evidence of optimised motor patterns. Again, it should be noted that
this data was collected (i.e. Biceps Femoris EMG), but not analysed as no reference contraction was
performed for normalisation procedures.

6.0 Conclusion
The results of the present research indicate that the performance of a full warm-up can enhance
subsequent muscle performance. Task practice evoked a consistent increase in high-velocity knee extensor
torque, and this was associated with increases in the rate and magnitude of muscle activation (EMG),
which indicated that a ‘learning effect’ could explain the performance enhancements observed. The highspeed (lower force) CA evoked little or no further improvements in T180 (+1-3%) whereas the slowerspeed (higher-force) CA reduced T180 at 1 min post-CA (compared to post-TP). This finding was despite
a further increase in Tm after the CAs in both CA60 and CA300. No clear evidence of peripheral fatigue
(through responses to electrically evoked contractions) was found, nor was there a decline in peak torque
during the CAs, so ‘fatigue’ effects could not explain the loss of force in CA60. However, EMGVL,40ms/M
was significantly reduced in CA60 and is the most likely candidate to explain the performance loss;
changes in EMGVL,40ms/M were moderately correlated with changes in T180 across all time points in both
conditions. Nevertheless, the combination of Tm and EMGVL,T180/M was the most effective model
explaining changes in voluntary muscle performance after the warm-up protocols, indicating that the
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combined effects of Tm and task practice are key drivers of voluntary performance enhancement after
warm-up.

7.0 Practical applications
This present data show that the greatest enhancement in voluntary muscle performance resulted
from extensive task-specific practice, while the CAs had a negative (CA60; until 9 min) or minimal
(CA300) effect. These findings indicate that the performance of a specific warm-up protocol involving
extensive practice of the test contractions will elicit greater enhancements in voluntary muscle
performance, than a non-specific warm-up protocol (matched for Tm). However, voluntary muscle
performance after a warm-up appears to be strongly associated with changes in both peak and early EMG;
muscle activation capacity may therefore be a mediating variable that affects the normal relationship
between changes in Tm and changes in dynamic muscle function (as seen in this research). Therefore, to
optimise a warm-up protocol in order to induce enhancements in voluntary muscle performance, they
should incorporate extensive task-specific practice with: (i) maximum (i.e. ‘test-like’) intensity and (ii)
sufficient volume/work to induce plastic changes in the motor pattern and elevate Tm sufficiently to
increase the physiological processes that enhance muscle power and RFD.

8.0 Future directions
The present research only used indirect measures of muscle fluid content and passive muscle
stiffness. Therefore, future research should investigate the magnitude of exercise-induced muscle fluid
shifts evoked with a warm-up, and the effects of this on passive muscle stiffness and muscle function (i.e.
architectural gearing) in vivo. Furthermore, it is speculated that the enhancement of voluntary muscle
performance is closely related to muscle fibre type, with type II fibres demonstrating distinct changes such
as a greater enhancement of performance, which may be associated with the greater accumulation of
muscle fluid content (due to greater muscle metabolism) and a greater increase in Tm. Therefore, future
research should investigate the potential fibre-type dependence of voluntary muscle performance
enhancements after a warm-up.
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Appendices
Appendix 1: Information Letter to Participants (Experiment 1)

Information Letter to Participants
Mechanisms underpinning an improvement in muscle performance
following a high- intensity warm-up

Thank you very much for expressing your interest in this study. My name is Cody
Wilson and I am the Chief Investigator for this study. It must be known that this research
project is being undertaken as part of the requirements of a Masters of Sports Science at Edith
Cowan University, and so, the purpose of this document is to explain the study that you may
choose to participate in as a subject. Please read this document carefully, and do not hesitate
to ask any questions.
Project background
The completion of a pre-exercise preparatory routine (i.e. a warm-up) prior to
exercise is a widely utilised practice in rehabilitation, resistance training and competitive
sports environments, and appears obligatory for physical performance optimisation.
Currently, there is evidence to suggest that a pre-exercise routine can enhance subsequent
muscle performance. However, little is known about the mechanisms that underpin this
improvement in performance. As such, it is not yet possible to confidently prescribe specific
warm-up interventions to maximise subsequent performance. Therefore, a more detailed
understanding of the mechanisms underpinning an improvement in muscle performance will
allow better inference of the most optimal warm-up intervention.
Aim of this project
The aim of this research project is to examine the relationships between numerous
physiological responses (i.e. mechanisms) such as changes in muscle temperature, exerciseinduced fluid shift, changes in muscle contractile properties and, ultimately, their effect on
high-velocity voluntary muscle contractions.
Research outline
To participate in this study, you will be informed about the possible risks and/or
discomforts associated with the procedures. If you agree to be a participant, you will

76

subsequently be asked to complete a Medical and Muscle Conditions Questionnaire as well
as a Physical Activity Readiness Questionnaire (PARQ) to ensure previous and/or current
health conditions will not compromise your health and safety. If either of the questionnaires
indicate a contraindication for participation in the study, all personal information obtained
during the recruitment will be deleted from our database immediately. However, if you are
free from medical and muscle conditions that would compromise your health and safety,
you will be provided with a consent form to be read carefully and signed if you agree to the
conditions of the study (see below).
As a participant of this study, you will be required to refrain from performing
vigorous exercise for at least 24 h before testing. Additionally, you will be required to abstain
from caffeine (6 h) and alcohol (24 h) before the study. All testing will take place in the
Exercise Physiology Laboratory (Building 19, Room 150 – 19.150) at the Joondalup Edith
Cowan University campus. This study requires you to attend to the laboratory (19.150) on
three separate occasions for 1.5 h each (familiarisation session will only be 0.75 h or 45
minutes), separated by at least 72 h.
The first session will be used to familiarise you with the experimental procedures,
particularly the isokinetic knee extensions for reliability purposes, and all the procedures
such as the electrical stimulation and/or indwelling muscle temperature procedures that may
cause unwarranted stress or anxiety. This session will be a good opportunity to openly
communicate with the Chief Investigator (Cody) about any anxiety associated with the
procedures. This session will be used to explore the measurements within your comfort
levels.
The second session will be involve a normal warm-up routine with the performance
of either of the conditioning activities (i.e. CA60 vs. CA300) being investigated. Upon
arrival to the laboratory, the electrodes will be placed on your skin before you perform a 5min cycle on an ergometer and then one knee extension at 30, 60 and 90% of your perceived
maximum on the isokinetic dynamometer at 180°·-1 with 30 seconds rest between repetitions.
Subsequent to the cycle and ‘LI-WU’ (see Figure 1), baseline measurements will be obtained
for all the variables listed in the inset below (Figure 1.)
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Figure 1. Experimental design with test battery. Muscle temperature will be measured using an indwelling needle
thermistor, an electrically evoked twitch contraction and then 3 electrically evoked tetanic contractions will be
performed. Finally, a maximal knee extension (i.e. ‘kick’) will be performed (T180).

Once baseline measurements are recorded (test 1), you will perform maximal knee extensions at
180°·-1 every 30 seconds until torque plateaus (<2%) (task practice; TP) and then either 5 repetitions at
60°·-1 (CA60) or 25 repetitions at 300°·-1 (CA300) in a randomised and counterbalanced order (i.e. one
CA per session). You will also repeat the test battery at post-TP , 1 min post-CA, 5 min post-CA and 9
min post-CA.
The third session is identical to the second session, however, the opposing
experimental condition will be performed (CA60 or CA300). All testing procedures from
the second session will be repeated.
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Figure 4. Site where the needle thermistor will be
inserted in to the vastus lateralis to a depth of 4 cm

Eligibility for this study
You are eligible to participate in this study if:
o

You are male, or female aged between 18 to 45 years of age

o

You DO NOT have any acute and/or chronic lower limb injuries (for at least 6 months)

o

You have NO medical conditions and are free from any medical
contraindications (as explained earlier in the document)

o

You are NOT performing vigorous exercise that can potentially influence
the outcome measurements (within 24 h of the study)

o

You have NOT consumed caffeine (for at least 6 h) or alcohol (for at least
24 h) before the study

What are the risks associated with participating?
The risk of experiencing injury or harm while participating in this research project
is very low because all procedures will be performed by qualified staff. Furthermore, a
detailed risk management plan has been developed to further reduce any risks associated
with this research study and can be provided openly upon request. However, numerous
measurements taken within this research project can cause a level of discomfort that is not
preventable. Therefore, you have the right to and are strongly encouraged to explore the
measurements within your personal comfort levels in the familiarisation session.
Specifically:
•

The Medical and Muscle Conditions Questionnaire and the Physical Activity
Readiness Questionnaire (PAR-Q) will ensure that you are free from any
medical conditions that may compromise your health and safety.

•

You may experience some discomfort as a result of the insertion of the
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muscle temperature probe and, in rare instances, it may result in minor
bleeding and bruising. There is also a small risk of infection, however this
procedure will be performed in strict sterile conditions (i.e. disinfection of
probes after every session and alcohol wipe of surface before insertion),
nevertheless the Chief Investigator is trained to complete the necessary
wound treatment in the form of compression and dressing if needed.
Furthermore, a common topical anaesthesia (EMLA 5% Cream – Linocaine
and prilocaine) will be applied to the insertion site 20 minutes before needle
insertion to minimise pain and discomfort. The needle probe will be stored
in an air-tight bag after insertion and thoroughly sterilised after the session.
Moreover, asepsis of the skin where the needle will be inserted will be
performed using cotton wool and iodine and standard First-Aid procedures
will be followed in the unlikely event of a needle-stick injury.
•

Previous studies in our laboratory (Nosaka et al. 2007) have used a similar
muscle heating procedure in which the authors reported no potential health
problems or concerns during or after the heating. However, the Chief
Investigator will routinely ask for feedback about your level of comfort
during the procedure.

•

Any risks associated with the electrical stimulation procedures has been
minimised due to the extensive training that the Chief Investigator had to
undertake (inc. being ‘signed off’ by a skilled investigator that we can
perform this procedure safely). Additionally, the stimulation intensity will
be started at the lowest intensity available, and then small increments in
intensity will be made. The Chief Investigator will routinely ask for
feedback about your level of comfort during the procedure.

What are the advantages of participating?
By participating in this study, you will experience numerous benefits such as:
o

Explore the potential of your nervous system (i.e. ability to ‘potentiate’ fast
twitch motor units)

o

Gain an understanding of your physical characteristics such as muscle
stiffness, muscle volume and muscle contractile properties

o

Learn about the muscle imaging techniques (ultrasonography), electrical
stimulation procedures (twitch and tetanic) and the isokinetic dynamometry
methods used in research.

o

Opportunity to ask the Chief Investigator questions about the research topic
or any facet of the research area.
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Confidentiality of participant information
Confidentiality of your information can be ensured to the best of our ability during
and after the investigation by the assignment of numerical codes to your data immediately
after it is collected. The researchers will store the data securely on a password-protected
computer, on a 256-bit Advanced Encryption Standard server. Your contact information will
only be accessible to the Chief Investigator during the period of this research study and only
the investigators (Supervisor) will have access to the raw data collected in the study. Hard
copy data will be kept only in the Chief Investigators office, locked in a filling cabinet. All
data will be stored according to ECU policy and regulations follow the completion of the
study.
Use of study results
The results of this study may be published in a peer-reviewed scientific journal,
presented in scientific conferences, and will also be used as a part of the Principal
Investigator’s thesis. Published results will not contain information that can be used to
identify participants unless consent has been obtained. A copy of published results can be
obtained from the investigator upon request.
Your rights
Participation in this research project is completely voluntary. You retain the right to
withdraw from the project or refuse any measurements at any time, and without the need to
give a reason for your decision. Reporting of the project findings will be done with complete
confidentiality and your identity will not be disclosed to anyone outside of the study at any
time.
Questions and further information
If you wish to volunteer as a participant, the next step is to carefully read and sign the
informed consent form, the Medical and Muscle Conditions Questionnaire, and the Physical
Activity Readiness Questionnaire (PAR-Q) attached. By signing these forms, you
acknowledge that you are aware of the procedures, risks involved, but please note that
signing the forms does not remove your right to withdraw from the study at any time without
prejudice. Should you have any questions or require additional information concerning the
research at any time, you may contact the following persons. We would be more than happy
to assist you.
If you have any concerns regarding the study or would like to speak to an
independent person, you may contact the research ethics officer at ECU:
Telephone:

Email: research.ethics@ecu.edu.au
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Project Members
The researchers who are responsible for this project are:
Principle Investigator:

Cody Wilson

Principle Supervisor:

Prof. Anthony Blazevich

Principle Supervisor:

Dr. Nicolas Babault

Research Assistant

Matheus Pinto

E:
P:

Thank you very much for your interest in this study and taking the time to read this
information sheet. Your participation in the study is greatly appreciated.
Kind Regards,
Cody Wilson, BSc.
Principle Investigator

School of Medical and Health Sciences
Edith Cowan University
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Appendix 2: Consent Form (Experiment 1)

Consent Form for Participation in Research
Mechanisms underpinning an improvement in muscle performance following a highintensity warm-up
I …………………………………………………,…………………………………………………,
understand that participation in this research project will involve:
1. Maximal voluntary muscle contractions of the knee extensors (quadriceps)
2. Electrical (twitch) stimulation of the femoral nerve and transcutaneous (tetanic) stimulation of
the quadriceps
3. Passive heating of the vastus lateralis (VL) using local diathermy heat treatment until muscle
temperature reaches the mean muscle temperature recorded during a regular warm-up routine.
4. The insertion of an indwelling sterile, hypodermic needle measuring muscle temperature

Participant name and signature:

Date:

Principle investigator name and signature:

Date:

(please see over)
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Additionally, by signing this document below:
1. I confirm that I was provided with a copy of the information letter that explains
the research study (i.e. purpose, benefits, risks, etc.).
2. I have read and understood the information provided within this letter.
3. I am aware that I will be performing high-intensity muscle contractions and that
I am not suffering from any injuries, especially to the lower limb that may
prohibit me from participating
4. I agree to the experimental protocol as explained to me and give consent to
participate in the research project.
5. I have had the opportunity to discuss the procedures with the principle
investigator and have had any questions answered to my own satisfaction.
6. I am aware that if I have any additional questions, I can contact the research team
7. I will not participate if I have a flu, fever, am intoxicated or otherwise unwell.
8. I can withdraw from the project or refuse to participate in single measurements
at any time without reason for my decision
9. I am aware that I will be consuming a standardised meal prior to testing and
have accurately informed the investigators of allergies.
10. My results will only be used for the purposes of this research project and may be
used in scientific reports (i.e. peer-review publication) and presentations, in which
my personal data or identity will remain anonymous.
11. I will ask for a copy of this signed form if I wish to retain one for my records.

Participant name and signature:

Date:

Principle investigator name and signature:

Date:

84

Appendix 4: Medical and Muscle Conditions Questionnaire

Mechanisms underpinning an improvement in muscle
performance following a high-intensity warm-up
Medical and Muscle Conditions Questionnaire
Edith Cowan University
School of Medical and Health Science
Name:

Age:

yr

Weight:

kg

Height:

cm

Part A – Medical Information
Do you smoke?

YES NO

Have you smoked in the past?

YES NO

Have you ever been diagnosed with –
being overweight?

YES NO

high blood pressure?

YES NO

diabetes?

YES NO

asthma?

YES NO

any bleeding disorders?

YES NO

Do you have any reason to believe that you are more at risk of cardiovascular disease than a normal
member of the population of the same age and sex?
YES NO
If YES please give details

Have you ever had rheumatic fever?
YES NO
If YES please give details

Do you have any allergies?
YES NO
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If YES please give details

Are you currently on any prescribed or non-prescribed medications?
YES NO
If YES please give details

Have you suffered from any viral infections, chronic tiredness or donated blood in the past two
months?
YES NO
If YES please give details

Do you have any other complaint or any other reason that you know of which you think may prevent
you from participating in and completing this experiment?
YES NO
If YES please give details

Part B – Muscle Conditions Information
1. Have you or your family suffered from any tendency to bleed excessively? (eg.
Haemophilia) or bruise easily?
Yes
No
Don’t know
If yes, please elaborate
2. In order to minimise pain and discomfort during needle insertion, a common topical anaesthesia
cream (EMLA 5% Cream, lignocaine and prilocaine - AstraZeneca) will be rubbed on the skin
20 minutes before needle insertion. Are you allergic to local anaesthetic?
Yes

No

Don’t know

If yes, please elaborate
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3. Do you have any skin allergies?
Yes

No

Don’t know

If yes, please elaborate

4. Have you any allergies that should be made known?
Yes
If yes, please elaborate

No

Don’t know

No

Don’t know

No

Don’t know

5. Are you currently on any medication?
Yes
If yes, please elaborate

6. Do you take Aspirin, non-steroidal analgesics or Warfarin?
Yes
If yes, please elaborate

7. Do you have any other medical problem that should be made known?
Yes
No
If yes, please elaborate

Don’t know

8. Do you suffer from low blood pressure or postural hypotension?
Yes

No

9. Have you ever had problems when donating blood?
Yes

No

I believe that the information that I have supplied is true and correct.
Print Name

Signed

Date
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